
ABSTRACT 
 

BRENNAN, MICHAEL JOSEPH.  The formation and impact of an incipient cold-air 
precipitation feature on the 24–25 January 2000 East Coast cyclone.  (Under the direction of 
Gary M. Lackmann.) 
 

The 24–25 January 2000 East Coast cyclone was characterized by a major operational 

forecast failure.  In an effort to understand why short-range operational numerical weather 

prediction (NWP) model forecasts were so poor, the impact of a cold-air incipient 

precipitation (IP) feature that developed prior to the rapid cyclogenesis on 24 January is 

investigated using potential vorticity (PV) analysis.  The IP was poorly forecasted by the 

operational NWP models, and these models failed to produce heavy precipitation far enough 

inland over the Carolinas and Virginia later in the cyclone event.  Here the formation of the 

IP is examined from an observational perspective, the impact of the IP is quantified using PV 

methodology, and the ability of a NWP model to simulate its formation is tested by varying 

model physics, initial conditions and grid spacing.   

It was hypothesized that latent heating associated with the IP that formed over the 

Gulf Coast states early on 24 January generated a lower-tropospheric PV maximum that was 

important to the moisture transport into the Carolinas and Virginia and the track and intensity 

of the surface cyclone later in the cyclone event.  Calculations from a PV budget and 

piecewise PV inversion found that the IP was associated with the genesis of a lower-

tropospheric PV maximum and that the balanced flow associated with the PV maximum 

contributed significantly to moisture transport into the region of heavy snowfall.  Operational 

NWP models that failed to forecast the IP did not generate the PV maximum or the heavy 

precipitation over the Carolinas and Virginia. 



Observational analyses and radar imagery showed that the IP formed in a region of 

elevated convective symmetric instability (a mixture of gravitational conditional instability 

and conditional symmetric instability) where forcing for ascent was provided by an 

approaching upper-level trough/jet streak.  Short-range forecasts from NWP models under-

forecasted the strength of the forcing and instability, and were unable to generate the IP in 

the region where it was observed. 

 An 18-member mesoscale model ensemble with 20-km horizontal grid spacing 

varying initial condition analyses and model physics was unable to generate the IP feature.  

Variance associated with the cyclone’s sea-level pressure and precipitation distributions due 

to initial condition variation was larger than that due to variations in model physics, although 

significant variation was due to poor performance by ensemble members initialized from the 

Global Data Assimilation System analysis.  A high-resolution model simulation with 4-km 

grid spacing showed that the IP initially formed within a layer of elevated CSI, consistent 

with analyses.  Buckling of absolute geostrophic momentum surfaces indicated adjustment to 

slantwise convection at later times.  Simulations with 12-km and 20-km grid spacing 

degraded the representation of these features, suggesting that models run with even coarser 

grid spacing would be unable to capture the initial formation of the IP.  Other simulations 

initialized only three or six hours later showed a marked improvement in the representation 

of the IP, the cyclone track and intensity, and the final precipitation distribution, confirming 

the importance of properly representing the IP feature in successful simulations of this event. 

The current configuration of operational models with CP schemes and grid spacing 

insufficient to properly resolve the effects of slantwise convection suggests that future cases 

may occur where NWP models fail to capture the impact of a cold-air precipitation feature 



(possibly associated with elevated gravitational and slantwise instability), resulting in poor 

forecasts of downstream moisture transport and cyclone track and intensity.  Operational 

forecasters should be aware of this possibility and be able to anticipate the potential 

feedbacks from precipitation (in NWP models and in reality) onto atmospheric dynamics.  

Available observations and high-frequency model analyses can be used to evaluate NWP 

model forecasts of precipitation and the lower-tropospheric PV distribution, allowing 

forecasters to recognize instances when model guidance can be adjusted to improve forecasts 

of high-impact cyclone events.  
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1. INTRODUCTION 

 

1.1 Motivation 

In the United States 62 billion-dollar weather disasters occurred in the period from 

1980–2004; over one-third of these events (24) were blizzards, nor’easters, ice storms, severe 

weather outbreaks, or non-tropical cyclone related floods (NCDC 2005).  These events were 

responsible for $84 billion in damage (21% of the overall total) and many were due to heavy 

precipitation events either directly or indirectly associated with extratropical cyclones.  Kocin 

and Uccellini (2004a,b) review 30 major snowstorms that impacted the urban corridor from 

Washington, D.C. to Boston, Massachusetts in the period from 1950 through 2000; all were 

associated with extratropical cyclones.  While it is obvious that heavy precipitation events 

associated with extratropical cyclones can result in high-impact meteorological events, the 

objectively-measured skill of both numerical and human forecasters for quantitative 

precipitation forecasting (QPF) lags behind that of other meteorological parameters (e.g., 

Fritsch and Carbone 2004), especially for events where the liquid-equivalent precipitation 

exceeds 25 mm (1 in.) (USWRP 2005).  Not surprisingly, improvement of QPF from both 

numerical models and human forecasters for these high-impact situations is a highlighted 

goal of the United States Weather Research Program (USWRP 2005) as well as a main focus 

of the current Collaborative Science, Technology and Applied Research (CSTAR) funded 

research at North Carolina State University in cooperation with several regional National 

Weather Service (NWS) offices (Department of Marine, Earth, and Atmospheric Sciences 

2003).   
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Through the impacts of diabatic processes such as latent heat release, precipitation 

processes have multiple feedbacks into the dynamics of the atmosphere.  Proper 

representation of precipitation in numerical weather prediction (NWP) models is critical, 

since inaccurate QPF from an NWP model results in a misrepresentation of these feedbacks 

on the remainder of the model atmosphere and can result in a degradation of the overall 

model forecast.  As NWP models have become the single most integral part of the forecast 

process in recent years, model QPF errors would likely affect the human forecast skill for a 

given event as well.   

Of all precipitation processes, those associated with cumulus convection remain the 

most poorly forecasted, largely because operational NWP models are still run with a grid-

spacing too coarse to resolve convective processes.  This necessitates the use of convective 

parameterization (CP) schemes that statistically represent the properties of unresolved 

convection on the model grid scale.  While the major goal of these schemes is to prevent the 

unrealistic build-up of instability on the model grid scale and prevent convective overturning 

of individual grid cells (Molinari and Dudek 1992), their impact on the entire model solution 

can be very significant, regulating not only convective precipitation, but the evolution of 

precipitation resolved on the model grid scale (Kuo et al. 1996).   Additionally, other model 

parameters can be influenced by the activation of the shallow (non-precipitating) convection 

component of many modern CP schemes (e.g., Baldwin et al. 2002; Stanton 2003; Mahoney 

and Lackmann 2005).   

The impact of diabatic processes on the atmosphere can be succinctly viewed through 

the framework of potential vorticity (PV), since diabatic processes lead to the non-

conservation of PV and the invertibility of PV makes it possible to quantify the impact of a 
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particular piece of PV on the remainder of the atmosphere (Hoskins et al. 1985).  Therefore, 

the inversion of the diabatically modified portion of the PV distribution allows one to 

evaluate the impact of those diabatic processes on the dynamical evolution of other 

meteorological phenomena.  Previous research has shown that diabatic PV maxima can be 

important to both extratropical cyclone evolution and moisture transport, both of which can 

significantly influence the distribution of precipitation (e.g., Whitaker et al. 1988; Davis and 

Emanuel 1991; Davis 1992; Stoelinga 1996; Lackmann 2002; Plant et al. 2003). 

 On 24 January 2000 an area of precipitation developed over the Gulf Coast states 

after 03 UTC prior to the rapid cyclogenesis associated with the 24–25 January 2000 East 

Coast snowstorm (Fig. 1.1).  This precipitation will be termed “incipient precipitation” (IP) 

since it formed prior to the rapid cyclogenesis.  The operational National Centers for 

Environmental Prediction (NCEP) Eta model initialized at 00 UTC 24 January, less than 6 

hours prior to the formation of the IP, was unable to predict its formation.  The Eta model 

subsequently failed to capture the depth and track of the surface cyclone or the inland extent 

of the heavy precipitation over the Carolinas and Mid-Atlantic states.  Observations and 

model analyses suggest that the IP was characterized by convective activity, despite 

occurring above a cold, stable surface airmass.  This evidence indicates that elevated and/or 

slantwise convection may have played a role in the formation of the IP feature.  The 

evolution of this cyclone event closely fits that of the instant occlusion (e.g., Locatelli et al. 

1982; Browning 1990; Evans et al. 1994) with the IP providing the cold air cluster that 

merged with a large-scale baroclinic zone off the U.S. East Coast.   

Previous research on this case focused on the limits of mesoscale predictably in the 

presence of moist processes (Zhang et al. 2002; Zhang et al. 2003), sensitivity to model 
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initial conditions (Zhang et al. 2002; Langland et al. 2002; Zupanski et al. 2002; Kleist and 

Morgan 2005), and the value of ensemble forecasts for this event (Buzzi and Chessa 2002).  

However, the impact of the IP feature has not been specifically quantified, nor has the nature 

of the IP feature itself or the sensitivity of its representation in numerical models been 

documented.  These will be the foci of this study, the details of which will be outlined in the 

next section. 

If the IP feature was indeed important in the evolution of the 24–25 January 2000 

cyclone and the inland extent of its associated precipitation, it is possible that these type of 

cold-air precipitation features may be important in other cyclone cases, especially those that 

fit into the instant occlusion conceptual model.  The occurrence of strong latent heating in the 

cold sector of a developing cyclone can lead to large diabatic PV growth in this region, given 

the large values of static stability and absolute vorticity usually found in this sector of an 

extratropical cyclone.  Additionally, cases where elevated convection is occurring within 

these cold-air precipitation features will present additional forecast challenges given the 

difficulty that operational NWP models have representing convection and its feedbacks as 

long as they rely upon CP schemes.  

Apart from an improved representation of these types of precipitation features in 

numerical models, recognition of the potential impact of cold-air precipitation in similar 

events by operational forecasters would allow them to use observational data and model 

analyses to track the impact of latent heating in the cold sector of cyclones on the PV 

distribution, moisture transport, and cyclone development and compare these to NWP model 

forecasts.  If discrepancies are noted, operational forecasters may be able to use PV thinking 
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to adjust model guidance accordingly and improve the forecast in these potentially high-

impact situations. 

 

1.2 Research objectives 

Given the potential impact that a large area of precipitation in the cold-sector of a 

cyclone may have on both the cyclone development and moisture transport through 

modification of the PV distribution via latent heating, it seems likely that the IP feature 

discussed above in the 24–25 January 2000 event may have played an important role in the 

evolution of this case.  This hypothesis is further supported by the fact that the operational 

models were both unsuccessful in their forecast of the IP feature and the later cyclone 

development and placement of heavy precipitation.  This suggests that the IP feature may 

have been of critical importance to this event and that the quality of NWP model forecasts of 

this case may be dependent on their ability to first capture feedbacks associated with the 

latent heating in the IP feature.   

Therefore, this study will focus on the IP feature that developed prior to rapid 

cyclogenesis over Mississippi, Alabama, and Georgia early on 24 January 2000.  The impact 

of the IP on the downstream evolution of the cyclone system and precipitation distribution 

over the Carolinas and Virginia will be quantified using PV thinking.  Assuming that the IP 

feature was an important factor in this event, the following additional questions about this 

case will be addressed: 

1) What was the dynamical nature of the IP feature? 

2) Why were the operational models unable to predict its formation? 



 6

3) What is the sensitivity of NWP model representation of the IP to model physics, 

initial conditions, and grid spacing? 

Additionally, a cursory climatology of these types of events in the southeastern United States 

will be performed to determine how frequently they occur in this region. 

Section 2 will provide a review of literature relevant to this case and section 3 will 

outline the methodology and tools used in this study.  Section 4 will provide a synoptic 

overview of the 24–25 January 2000 cyclone and an evaluation of the synoptic-scale 

operational model forecasts.  Section 5 will examine the evolution of the IP feature and the 

short-range operational model forecasts of this feature.  Section 6 will quantify the impact of 

the IP feature on the PV distribution and its influence on the cyclone event using PV 

methodology.  Section 7 will present the results of a numerical model ensemble study of this 

event, while section 8 will present deterministic model experiments.  Section 9 will present a 

climatology of similar types of events over four recent cold seasons and section 10 will 

contain conclusions and suggestions for future research. 
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2. PREVIOUS RESEARCH AND BACKGROUND 

 

2.1 Latent heating and extratropical cyclones 

The thermal theory of cyclones proposed by Espy and others in the mid 1800s 

hypothesized that the kinetic energy in extratropical cyclones was derived primarily from the 

latent heat release (LHR) generated by the condensation of water vapor (Kutzbach 1979).  As 

Uccellini (1990) notes, later work by Dines and Margules began to de-emphasize the thermal 

theory, as they found that extratropical cyclones were cold-core systems associated with 

large-scale baroclinity at the surface.  As the polar front theory developed by the Bergen 

school (Bjerknes and Solberg 1922) gained acceptance, observational evidence emphasized 

the importance of dry dynamics in cyclogenesis and de-emphasized the role of latent heating.  

The development of baroclinic instability theory to explain extratropical cyclogenesis in an 

idealized, adiabatic atmosphere by Eady (1949) and Charney (1947) and the use of thermal 

and vorticity advection to diagnose cyclogenesis in the development equations of Sutcliffe 

and Forsdyke (1950) and Pettersen (1956) completed a shift in emphasis toward dry 

baroclinic dynamics in cyclone development, relegating the supposed importance of diabatic 

processes such as LHR to a minimal role.   

The inability of quasigeostrophic (QG) dynamics in early numerical models to 

reproduce the observed deepening rates in explosively developing cyclones sparked a 

renewed interest in the role of latent heating in extratropical cyclogenesis (Uccellini 1990).  

Aubert (1957) found that the inclusion of latent heating in an six-layer numerical model with 

2.5º grid-spacing produced a lowering (raising) of isobaric surfaces below (above) the level 

of maximum heating.  In addition, there is an increase in horizontal convergence below the 
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level of latent heating along with significant modification of the vertical motion field and 

precipitation distribution when the effects of LHR were included.  Danard (1964) found that 

LHR, through the reduction of static stability, enhanced vertical motions forced by dry 

dynamics in a cyclone case study.  Johnson (1970) showed results supporting the theory of 

Lorenz (1955) where diabatic processes such as LHR served as an in situ source of available 

potential energy to a cyclone, which is converted to kinetic energy in the presence of 

baroclinity.   

Tracton (1973) investigated the role of convection in the development of nine 

extratropical cyclones and found that convective LHR focused near the developing surface 

low center accelerated the cyclogenesis process.  Also, Tracton (1973) found that the 

inability of the operational models at that time to properly generate convection in a sub-

saturated environment hindered their ability to forecast the timing of cyclogenesis and the 

deepening rate if convective LHR was present near the surface cyclone center.  Sanders and 

Gyakum (1980) in their climatology of rapidly developing extratropical cyclones (“bombs”) 

concluded that QG dynamics were not able to explain the rapid sea-level pressure falls seen 

in these storms and suggested that improvement of the representation of convective heating 

in numerical models would be necessary to improve  forecasts of explosive cyclogenesis.   

Numerous case studies investigating the impact of LHR on extratropical cyclogenesis 

have been conducted in the last 25 years, with most focusing on rapidly developing cyclones 

and/or significant operational model forecast failures.  The Presidents’ Day storm of 1979 

was associated with a rapidly developing surface cyclone that brought heavy snowfall to the 

Mid-Atlantic region (Kocin and Uccellini 1990) and the operational model forecasts failed to 

predict both the cyclone’s development and the heavy snowfall.  Bosart (1981) speculated 
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that convection likely played a large role in the rapid cyclogenesis and Bosart and Lin (1984) 

showed that QG dynamics alone could not explain the observed deepening rate.  Uccellini et 

al. (1987) performed several numerical simulations of the case, finding that latent heating, 

boundary layer fluxes, and upper-tropospheric jet streaks all interacted in a positive feedback 

cycle that drove the cyclone’s development.  In this case latent heating acted to amplify the 

upper-level trough-ridge system, enhancing the upper-level jet and increasing the forcing for 

precipitation. 

In studies of the North Atlantic cyclone that damaged the luxury liner QE II, Gyakum 

(1983a,b) concluded that convective LHR was critical in determining whether explosive 

cyclogenesis occurred in that case.  Numerical simulations performed by Anthes et al. (1983) 

found that latent heating from convection produced a stronger surface cyclone, especially if 

the level of maximum heating was in the lower troposphere.  While Gyakum (1983a,b) and 

Anthes et al. (1983) asserted that the cyclone developed solely due to low-level diabatic 

processes without dynamical forcing from an upper-level disturbance, Uccellini (1986) 

showed that the rapid development storm was driven by an interaction of diabatic processes 

and an upper-level trough and jet streak that had not been analyzed in the previous studies.  

In results similar to those found later with the 1979 Presidents’ Day storm, Uccellini (1986) 

concluded that rapidly developing cyclones are likely the result of an interaction of diabatic 

and dynamical processes, but that the basic structure of the dynamically important synoptic 

and mesoscale features are often unresolved due to a lack of observational data over the 

oceans.   

Chen and Dell’Osso (1987) studied a cyclone that developed off the east coast of Asia 

using a limited-area version of the European Centere for Medium Range Weather 
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Forecasting (ECMWF) model.  They found that only a shallow cyclone formed when the 

effects of LHR were withheld and that baroclinic forcing was enhanced due to LHR 

amplifying the circulation of an upper-level jet streak.  Also, Orlanski and Katzfey (1987) 

found similar results in a study of the 1979 Presidents’ Day storm, where LHR was “very 

important” for the cyclone intensification as a much shallower, weaker cyclone formed in a 

dry simulation.  They also found that LHR altered the flow aloft, with the largest impact seen 

at the 500-hPa level. 

In a study of the November 1981 North Pacific storm, Reed and Albright (1986) 

found indirect evidence that LHR was a factor in the cyclone development, as satellite 

imagery showed “unusually strong” deep convection near the low center.  Kuo and Reed 

(1988) quantified the impact of latent heating by performing a dry simulation that produced 

only half of the deepening seen in a full-physics simulation, and found the timing of 

maximum deepening was sensitive to differences in the vertical profile of latent heating.  

Reed et al. (1988) studied two North Atlantic cyclones that were successfully predicted by 

the operational forecasts from the ECMWF model where 40–50% of the deepening was due 

to latent heating, most of which was associated with precipitation on the model grid scale.  

Large differences in the structure of the inner-core pressure gradient of the storms were due 

to LHR; as a much weaker pressure gradient was seen when latent heating was withheld.    

Kuo et al. (1991) attempted to quantify the relative contribution of adiabatic and 

diabatic processes in simulations of the QE II storm and found that baroclinic dynamics were 

a factor in the development of the storm, consistent with the findings of Uccellini (1986).  

However, Kuo et al. (1991) also found a much stronger inner-core pressure gradient around 

the cyclone in a simulation with LHR, consistent with the findings of Reed et al. (1988).  In 
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the QE II storm, the combination of latent heating and dry dynamics resulted in stronger 

mesoscale pressure and temperature gradients along the warm front, as a stronger warm front 

was seen in the full physics simulation.  The stronger front led to more LHR through 

enhanced precipitation production, generating a positive feedback cycle between the 

precipitation and the forcing for ascent.  Kuo et al. (1991) point out that latent heating and 

other diabatic processes do not simply constitute a linear addition to the forcing provided by 

dry dynamics, as these features interact in a highly nonlinear way in the cyclone. 

Expanding on the idea of nonlinear interactions between moist processes and 

baroclinic dynamics, Kuo et al. (1996) examined the sensitivity of the Experiment on 

Rapidly Intensifying Cyclones over the Atlantic (ERICA) IOP 5 cyclone to changes in the 

CP scheme and model grid spacing in simulations of the case.  Changing the CP scheme 

altered the vertical and horizontal distribution of latent heating, impacting the cyclone’s 

intensity in a highly nonlinear manner.  Kuo et al. (1996) concluded that the choice of the CP 

scheme has a greater influence on the cyclone evolution than grid-scale precipitation scheme, 

since the CP scheme not only redistributes heat and moisture itself, but also modifies the 

evolution of the grid-scale precipitation processes in the model.   

The ability of models to parameterize convective LHR was an important factor in 

forecasts of the March 1993 “Storm of the Century”.  The National Meteorological Center’s 

Medium Range Forecast (MRF) model predicted that a strong cyclone would form and move 

northward along the East Coast of the U.S. several days in advance (Uccellini et al. 1995), 

however, the MRF model was unable to predict the rapid initial cyclogenesis that occurred in 

the Gulf of Mexico, underestimating both the intensity and forward speed of the surface low 

as it moved toward Florida (Caplan 1995).  Both Uccellini et al. (1995) and Bosart et al. 
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(1996) speculate that deep convection and its associated LHR in the Gulf of Mexico were 

important to the early rapid cyclogenesis.  Dickinson et al. (1997) showed that the inability of 

the MRF to forecast the early cyclogenesis was due to a failure of the model’s CP scheme to 

generate deep convection over the Gulf of Mexico.  Forecasts from the ECMWF global 

model were better able to produce convection in the Gulf and had an improved forecast of the 

subsequent cyclogenesis and early storm track relative to the MRF (Dickinson et al. 1997).   

Many of the above case studies investigated the impact of LHR on a cyclone event by 

performing sensitivity experiments with numerical models by withholding the effects of 

latent heating and comparing those results to a control model simulation with full physics.  

The differences between the simulations are used to quantify the impact of latent heating on 

the cyclone evolution.  However, Kuo et al. (1991) note that LHR interacts in a highly non-

linear way with dry dynamics, modifying the depth of the cyclone itself, frontal structure, 

vertical motion, precipitation production, and upper-level dynamics.  These complex 

nonlinear interactions integrated over the length of a model simulation make it somewhat 

unrealistic to simply compare absolute differences between model sensitivity experiments 

with and without the effects of latent heating, since runs without latent heat are essentially 

“non physical”.  Additionally, in these studies it is not possible to isolate the impact of a 

particular area of LHR, since latent heating is withheld over the entire model domain.  To 

more accurately quantify these impacts, it is advantageous to view the cyclone through the 

framework of potential vorticity (PV), where the impact of diabatic processes such as LHR 

can be quantified more precisely using piecewise PV inversion.    
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2.2 Potential vorticity perspective 

 

2.2.1 PV thinking and conceptual models 

Potential vorticity (PV)1 is defined after Rossby (1940) and Ertel (1942) as: 

θη
ρ

∇•=
r1PV        (2.1) 

where ρ is the density, ηr  is the absolute vorticity vector and θ is the potential temperature.  

In the Northern Hemisphere high (low) values of PV are associated with cyclonic 

(anticyclonic) absolute vorticity and/or high (low) values of static stability (Hoskins et al. 

1985).  As discussed by Hoskins et al. (1985), Bretherton (1966) showed that anomalies of θ 

at the surface can be considered surrogate PV anomalies, with warm (cold) θ anomalies 

equivalent to positive (negative) PV anomalies.  The flow associated with idealized PV and θ 

anomalies of both signs are shown in Figures 2.1 and 2.2, respectively (after Hoskins et al. 

1985).   

In the PV framework in an adiabatic atmosphere, cyclogenesis is conceptualized as 

the mutual interaction of finite-amplitude disturbances at the tropopause and the surface, 

similar to the solution of the theoretical Eady model (Eady 1949; Morgan and Nielsen-

Gammon 1998).  Cyclogenesis occurs when the cyclonic circulation associated with an 

upper-tropospheric PV maximum extends to the surface and leads to the formation of a 

surface θ maximum (Fig 2.3a).  The surface θ maximum in turn has a cyclonic circulation 

that extends to the upper-troposphere and deepens of the upper-tropospheric PV maximum 

(Fig. 2.3b).  The above conceptual model is consistent the Sutcliffe-Pettersen self-

                                                 
1 The derivation of Ertel’s PV and quasigeostrophic PV is presented in Section 3.4. 
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development concept (Sutcliffe and Forsdyke 1950; Pettersen 1956) where low-level thermal 

advection contributes to cyclogenesis by inducing sea-level pressure falls and amplifying the 

upper-level wave, thereby creating a positive feedback as the surface cyclone strengthens.  

The PV counterpart to this view is summarized in section 5.4 of Hoskins (1990).   

The impact of diabatic processes, such as LHR, can be succinctly accounted for 

through the PV framework.  In the presence of latent heating, PV is increased (decreased) in 

the upstream (downstream) direction from the diabatic heating maximum along the absolute 

vorticity vector (Raymond 1992).  If the atmosphere is in thermal wind balance, the 

orientation of the absolute vorticity vector is normal to the wind shear and slants upward 

toward the colder air with the slope of the vorticity vector proportional to the ratio of the 

Coriolis parameter to the magnitude of the vertical wind shear (Raymond 1992).  Therefore, 

a maximum of diabatic heating in the mid-troposphere generally leads to the generation 

(destruction) of PV in the lower- (upper-) troposphere if the heating maximum is located in 

the mid-troposphere (Fig. 2.4).  The PV generation occurs as latent heating increases the 

static stability and hydrostatically lowers heights below the level of maximum heating, and 

absolute vorticity increases due to the associated convergence that arises in response to the 

unbalanced pressure gradient force; therefore the PV must increase since both the absolute 

vorticity and static stability have increased below the level of maximum heating.   The 

opposite occurs above the level of maximum heating, where the static stability and absolute 

vorticity decrease, resulting in PV reduction.  The reduction of PV aloft due to latent heating 

is consistent with the building of the downstream ridge at upper-levels in the QG framework.   

The vertical gradient of the heating, the magnitude of the absolute vorticity, and the 

residence time of air parcels within in the PV generation area determine the strength of the 
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resultant diabatic PV maxima and minima (Stoelinga 1996).  Van Delden (2003) showed that 

an idealized symmetric pulse of heating results in the formation of a tall, thin cyclonic PV 

anomaly (broad, flat anti-cyclonic PV anomaly) below (above) the level of maximum 

heating.  The degree of the vertical asymmetry depends on the time scale over which the 

heating occurs, with a prolonged period of heating resulting in a more asymmetric PV 

redistribution.  However, the evolution of the balanced flow is more sensitive to the amount 

of total heat added, rather than the rate of heating (Van Delden 2003).  Additionally, latent 

heating reduces the effective lapse rate, enhancing the vertical penetration of the circulation 

of the PV anomalies on the upper and lower boundaries, increasing the potential for mutual 

amplification of these waves (Hoskins et al. 1985).   

The impact of latent heating on the PV distribution in the upper-troposphere is less 

distinct, but may occur by two separate mechanisms.  The “direct” effect occurs when air 

parcels lose more PV above the level of maximum heating than they gain below (Stoelinga 

2003), while an “indirect” effect occurs when strong ascent deforms the tropopause by lifting 

it and generating negative horizontal and vertical PV advection, resulting in a negative PV 

anomaly at that level (Bosart and Lackmann 1995; Stoelinga 2003).  The end result of both 

effects however, is the development of a PV minimum in the upper-troposphere, consistent 

with the development of downstream upper-troposphere ridging.   

Including the effects of latent heating, the conceptual model of extratropical 

cyclogenesis in the PV framework expands to include the interaction of the four major PV 

features shown in Fig. 2.5: (i) a PV maximum in the upper-troposphere; (ii) a surface θ 

maximum; (iii) a diabatic PV maximum located in the lower-troposphere; and (iv) a diabatic 

PV minimum located in the upper-troposphere.  Davis and Emanuel (1991) outline three 
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types of baroclinic development that can occur based on varying interaction scenarios among 

the above mentioned PV features.  The first occurs in an adiabatic framework, and is similar 

to that described by Hoskins et al. (1985), where phase-locked upper- and lower-boundary 

PV anomalies mutually interact and the circulation from the wave on one boundary amplifies 

the wave on the opposite boundary, which is in effect the manifestation of Eady model 

baroclinic instability (Eady 1947).  The second scenario presented by Davis and Emanuel 

(1991) is “superposition”, which also occurs in an adiabatic framework.  In this case, the 

upper-level wave advects downstream faster than the surface wave, preventing the anomalies 

from phase locking.  The result is a period where the PV anomalies are in phase and the 

circulations amplify each other, but as the upper-level wave moves past, its circulation 

becomes out of phase with that of the surface wave.  The third type of development occurs 

when PV anomalies are produced by condensation (Davis and Emanuel 1991).  In this 

scenario, latent heating generates a cyclonic PV anomaly in the lower troposphere, as 

described above.  The circulation of the surface anomaly is enhanced due to the presence of 

the higher PV in the diabatic anomaly nearby, but there is also the potential for interaction 

between the diabatic PV anomaly and the upper-level wave (Montgomery and Farrell 1991; 

Stoelinga 1996; Plant et al. 2003; Ahmadi-Givi et al. 2004).   

The concept of PV “thinking” outlined by Hoskins et al. (1985) has two important 

components.  First, PV is conserved in an isentropic framework in the absence of diabatic 

processes and friction.  Therefore, in the presence of LHR and other diabatic processes, PV 

non-conservation occurs, allowing for unambiguous identification of PV changes due to non-

conservative processes; this makes PV an ideal tracer of the impacts of LHR, especially in 

the lower-troposphere where background values of PV are generally small.  The second 
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principle of PV thinking, invertibility, allows one to recover balanced atmospheric fields 

from inverting any portion of the PV distribution, including PV generated by diabatic 

processes.  This principle makes it possible to quantify the impact of a particular piece of PV 

on the evolution of cyclones and moisture transport, as discussed in the case studies reviewed 

in the next section.  

 

2.2.2 PV-based case studies  

Using the concepts of PV thinking, numerous studies have investigated the impact of 

LHR on cyclones by quantifying the impact of diabatically-produced PV maxima in the 

lower troposphere on cyclone development, with the findings showing large case-to-case 

variability.  Bosart (1999) suggests that a consensus is emerging that extratropical 

cyclogenesis should be viewed as a nonlinear interaction of diabatic processes and dry 

baroclinic dynamics, with latent heat playing a dominant role in the rapid development of 

some marine cyclones.  Bosart (1999) suggests that one of the major benefits of the PV 

framework is that the influence of diabatic processes can be quantified in a simplified 

framework through PV inversion.  Plant et al. (2003) developed a three type classification 

scheme for extratropical cyclones based on the interaction and relative contributions of the 

upper-level PV anomaly, surface wave, and a diabatic PV anomaly in the lower troposphere 

generated by latent heating.   

Davis and Emanuel (1991) showed that the development of a diabatically-generated 

positive PV anomaly in the lower troposphere added directly to the circulation of the surface 

cyclone and helped amplify the upper-level wave in a system that developed over eastern 

North America.  They also found that the diabatically-produced PV anomaly was responsible 
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for 40% of the cyclone’s circulation.  In a western Atlantic cyclone Reed et al. (1992) found 

that an anomalously large positive lower-tropospheric PV maximum developed as boundary 

layer air ascended the warm frontal surface and underwent differential condensational 

heating.  A sensitivity study without latent heating resulted in a cyclone that was 19 hPa 

weaker after 24 h.  In a cyclone event over the central United States, Davis (1992) showed 

that a low-level diabatically-produced PV anomaly was less important to the overall cyclone 

development, contributing only 20% of the 850-hPa vorticity in the system.  In this case, the 

low-level diabatic anomaly actually prevented phase locking of the upper-level and surface 

waves by contributing to the eastward advection of the surface thermal anomaly.   

Davis et al. (1993) studied two cases of marine cyclogenesis and one continental 

cyclone, finding that latent heating enhanced each cyclone’s intensity by adding a positive 

PV anomaly onto the structure of the surface wave.  The upper-level PV anomaly in the three 

cases was not significantly impacted by condensational processes, suggesting that the growth 

of the upper-level downstream ridge is due to indirect effects of latent heating and not 

explicit PV redistribution. Stoelinga (1996) found that a low-level diabatically produced PV 

anomaly contributed 70% of a mature cyclone’s intensity, with a much weaker cyclone 

developing in a model simulation withholding the effects of latent heat.   The mutual 

amplification in this case took place between the upper-level PV anomaly and the 

diabatically-produced low-level PV anomaly, as the surface θ anomaly had little impact on 

the cyclone intensity or on the evolution of the upper-level wave.  Ahmadi-Givi et al. (2004) 

investigated the role of latent heating in the Fronts and Atlantic Storm Track Experiment 

(FASTEX) IOP 18 cyclone and found that the role of the surface θ anomaly was relatively 

small and that the PV anomaly in the lower troposphere was generated largely due to latent 
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heating.  However, the primary effect of latent heating was to weaken cyclonic anomaly in 

the upper-troposphere and reduce the vertical penetration of its circulation into the lower-

troposphere, hindering interaction with the low-level diabatic PV maximum.   

From the review of previous case studies, it is clear that the integrated impact of 

latent heating on cyclone development is highly case-dependent, with latent heating in many 

cases enhancing cyclogenesis, while in other cases hindering extended coupling between the 

upper-tropospheric PV maximum and surface θ maximum.  Additionally, in some cases, 

particularly ones of marine cyclogenesis, the diabatic PV maximum in the lower-troposphere 

becomes the dominant feature in place of the surface θ anomaly.   

Diabatically-produced lower-tropospheric PV maxima, since they are located in a 

region of high moisture content, can enhance or alter moisture transport in cyclones and 

along low-level fronts due to their strong influence on the wind field in this region of the 

atmosphere.  Whitaker et al. (1988) in a simulation of the 1979 Presidents’ Day storm 

showed that a low-level diabatically produced PV anomaly enhanced moisture transport in 

that event.  Lackmann and Gyakum (1999) showed that a PV anomaly along a cold front was 

coupled with a low-level jet (LLJ) in a flooding event in the Pacific Northwest.  Lackmann 

(2002) found that a diabatically produced PV anomaly along a cold front over the central 

U.S. contributed between 15% and 40% of the strength of a LLJ that developed along the 

edge of the warm sector, and was a dominant factor in the northward transport of moisture 

from the Gulf of Mexico. 

Based on theory of diabatic PV redistribution and the conceptual model of PV 

thinking and extratropical cyclogenesis, combined with the previous research discussed 



 21

above, PV inversion would be an ideal way to quantify the impact of the IP on both the 

downstream cyclone evolution and moisture transport.  Details on PV inversion methodology 

are presented in Section 3.4.6.   

 

2.3 Instant occlusion cyclogenesis 

Instant-occlusion type cyclogenesis occurs in a distinct cold-air cluster downstream of 

an upper-trough axis in the jet entrance region on the cold side of a deep-tropospheric 

baroclinic zone (e.g., Locatelli et al. 1982; Evans et al. 1994), and can be associated with 

explosively deepening cyclones (e.g., Mullen 1983).  Browning (1990) presents the life cycle 

of the instant occlusion shown by McGinnigle et al. (1988).  In this process, warm moist air 

at low levels is advected ahead of the cold-air cluster, causing frontogenesis to occur between 

the cold cluster and the deep baroclinic zone (Fig 2.6).  As the instant occlusion process 

completes with the merger of the cloud bands, warm, moist boundary layer ascends this new 

frontal zone, generating a region of precipitation along the west side of the comma head 

cloud.  In three cases of instant occlusions along the Pacific Northwest coast, Locatelli et al. 

(1982) found that the cold-air vortex supplied the low-pressure center and the occluded and 

cold fronts to the system (see their Fig. 19).  It seems likely that any instant-occlusion type 

cyclogenesis would be associated with the production of a diabatic PV anomaly by 

precipitation associated with the cold-air cluster upstream of the main baroclinic zone.  The 

flow induced by this PV anomaly could contribute to the advection of warm, moist air and 

the low-level frontogenesis process described above.   
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2.4 Elevated and slantwise convection 

 

2.4.1 Elevated gravitational convection  

 Elevated gravitational convection occurs when air parcels become positively buoyant 

above a stable surface layer and can occur in two circumstances: (i) the convection can be 

initially surface based and become elevated as it moves over a frontal inversion (e.g. Colman 

1990b), or (ii) the convection can originate above a stable surface layer when frontogenetical 

forcing lifts parcels to their lifting condensation level (e.g., Martin 1998).    

Colman (1990a) performed a climatology of elevated thunderstorms in the United 

States and found that they are most likely to form northeast of a surface cyclone above a 

warm-frontal inversion, below which the airmass is extremely stable.  Elevated 

thunderstorms comprise most of the thunderstorm activity over the United States outside of 

peninsular Florida during the cold season.  Previous studies have suggested that elevated 

convection can play a role in heavy winter precipitation by providing ice crystals that can 

seed stratiform clouds below resulting in enhanced precipitation rates (Hunter et al. 2001) 

 

2.4.2 CSI theory and diagnosis 

Even if air parcels are stable to horizontal or vertical displacements, they can be 

unstable to slantwise displacement due to the presence of conditional symmetric instability 

(CSI), as a slantwise displacement at point A in Fig. 2.7 results in a decrease of equivalent 

potential temperature (θe) as the parcel moves along a surface of constant absolute 

momentum (M), resulting in the parcel becoming positively buoyant.  As in the case with 

moist gravitational convection, slantwise convection requires instability, moisture and lift, 
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with CSI being the instability released when slantwise convection occurs (Schultz and 

Schumacher 1999).   The theory of CSI was introduced by Bennetts and Hoskins (1979) to 

address the banded appearance of some frontal rainbands, and the release of CSI is 

manifested as rolls that develop along the thermal wind.  Their growing circulations lead to 

overturning in the mid-levels that generates gravitational convective instability and the 

observed banded cloud structure.  CSI theory assumes that the flow is two-dimensional and 

the atmosphere is saturated, with growth only occurring if latent heat is released during 

ascent.   

Schultz and Schumacher (1999) discuss how to diagnose two types of moist 

symmetric instability, CSI and potential symmetric instability (PSI).  CSI is present when 

saturated equivalent-potential temperature (θe
*) decreases along a surface of constant 

geostrophic absolute momentum (Mg), contingent upon the saturation of the air parcels; while 

PSI is present when θe decreases along an Mg surface, and is only realized when the layer is 

lifted sufficiently to create saturation.  The above technique for evaluating CSI (PSI) is 

referred to as the Mg-θe
* (Mg-θe) relationship.  Under saturated conditions θe

*
 and θe are equal 

and CSI and PSI are identical, therefore, for simplicity from this point forward the discussion 

of MSI will be limited to CSI. 

In order to use the Mg-θe
* relationship to evaluate CSI in a cross-section, the 

assumptions of two-dimensional flow and near-geostrophic balance must be met.  Because 

the structure of Mg and θe surfaces can be highly dependent on the exact orientation of the 

cross-section, Schultz and Schumacher (1999) recommend using the saturated geostrophic 

PV (MPVg
*) to diagnose CSI, where 
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**
eggMPVg θη ∇⋅=

r         (2.2) 

where g is the gravitational acceleration, and gη
r

 is the absolute geostrophic vorticity.  The 

saturated geostrophic PV is equivalent to a three-dimensional form of the Mg-θe
*

 relationship 

discussed above, and when MPVg
* is negative, CSI is present.  However, MPVg

* is also 

negative in the presence of gravitational conditional instability (CI), so care must be taken to 

distinguish between CI and CSI in a given situation.  Jascourt et al. (1988) refer to the 

coexistence of CI and CSI as convective-symmetric instability, and if both are present 

gravitational convection will likely dominate slantwise ascent (Bennetts and Sharp 1982).  

Additional complications in diagnosing slantwise convection arise due to the close 

relationship between frontogenesis and CSI, which makes it difficult to separate the response 

associated with the release of CSI from that of the frontogenetical forcing even in cases 

where CSI is indicated (Schultz and Schumacher 1999). 

 The impact of CSI or small symmetric stability on the structure of banded 

precipitation is to increase the intensity of the frontogenetical circulation and decrease the 

horizontal scale of the band (Thorpe and Emanuel 1985; Emanuel 1985; Xu 1992, Fig. 2.8).  

Bennetts and Sharp (1982) examined 44 frontal precipitation cases in the United Kingdom 

and found that CSI theory explained the growth rate of mesoscale frontal rainbands and could 

be used to predict the mesoscale evolution of rainbands from synoptic-scale model data.  

Sanders and Bosart (1985) showed that heavy banded precipitation in the 1983 

Megalopolitan snowstorm occurred in a region of small symmetric stability and 

frontogenetical forcing, which enhanced the rising branch of the thermally direct frontal 

circulation.  Seltzer et al. (1985) examined 15 cases of both banded and non-banded 

precipitation occurring away from surface frontal zones and found that CSI theory was 
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consistent with observations of banded precipitation with layers of observed symmetric 

instability 0.5–2.0 km deep.  However, the assumptions required by the theory (unidirectional 

flow and thermal wind balance) were not always observed.  In one of these 15 cases, Sanders 

(1986) found that strong banding northwest of the surface cyclone in the Dec. 1981 New 

England snowstorm could have been due to symmetric instability.  In this case, a 

frontogenetical circulation enhanced by weak symmetric stability was the forcing for the 

band, while symmetric instability led to “structural details” within the band.   

Reuter and Yau (1990) found small regions of CSI in seven cases during the 

Canadian Atlantic Storms Program.  The CSI was only released in the lower-troposphere 

where saturation was present, however the observational data was not of sufficient resolution 

to distinguish between the slantwise convection and the response to large-scale forcing.  In 

these cases, the stability profile adjusted to slantwise neutral within three hours of saturation, 

consistent with the hypothesis of Emanuel (1988) that the adjustment due to CSI occurs on a 

time scale shorter than that of the larger-scale baroclinic process.   

In a theoretical modeling study of CSI, Thorpe and Rotunno (1989) found that 

surfaces of absolute momentum buckled after CSI was released.  This signature was then 

observed in a cold front approaching the British Isles on a scale of 50–100 km (Thorpe and 

Clough 1991).   Prior to this, no evidence of CSI in a real case had been presented in the 

literature.  Buckling was again seen on the scale of approximately 100 km in an idealized 

model experiment in a region of forced slantwise ascent occurring at close to neutral 

buoyancy (Holt and Thorpe 1991).   

Idealized model simulations of an oceanic cyclone using a 2-layer model 

(Balasubramanian and Yau 1994a), a multi-layer hydrostatic primitive equation (PE) model 
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(Balasubramanian and Yau 1994b), and a 3-layer PE model (Balasubramanian and Yau 

1995) using the slantwise convection parameterization scheme of Emanuel (1989) found that 

slantwise convection occurred near a rapidly developing warm front that was important to the 

explosive deepening of the surface cyclone.  The multi-level PE model study also showed 

that M and θe surfaces buckled near 600 hPa, evidence of slantwise convective adjustment 

also seen in previous work (Holt and Thorpe 1991; Thorpe and Clough 1991). 

With the availability of high-resolution gridded operational NWP model data 

increasing through the mid and late 1990s, operational forecasters were able to diagnose 

slantwise convection in real-time.  Wiesmueller and Zubrick (1998) investigated two banded 

precipitation cases and found a correspondence between strong vertical motion associated 

with snow bands and evidence of CSI in forecasts and analyses from the NCEP Meso-Eta 

model.  Nicosia and Grumm (1999) examined three events with narrow intense snowbands 

that were co-located with intense frontogenesis near the 700-hPa level and negative values of 

MPVg
* in Meso-Eta model cross-sections, indicating the presence of CSI as well as small 

regions of gravitational CI.  A composite study of heavy single-banded precipitation in the 

northeastern U.S. by Novak et al. (2004) found that small moist symmetric instability 

associated with frontogenesis over a deep layer was the primary forcing mechanism for the 

formation of the precipitation bands.   

While the above studies and others have found a correlation between heavy banded 

precipitation and indications of CSI in model analyses and forecasts, operational NWP 

models are still unable to resolve CSI related banding (Clark et al. 2002).    Persson and 

Warner (1993) used idealized model sensitivity tests to determine that the most unstable 

growth mode associated with CSI was fully resolved with a horizontal grid spacing of 6–15 
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km and a vertical grid spacing of 70–170 m.  Given these results, Persson and Warner (1993) 

suggest parameterizing the effects of slantwise convection in any model with horizontal grid 

spacing exceeding 15 km.  While the current configuration of the of the North American 

Mesoscale (NAM) model (formerly the Eta model, Rogers et al. 2001) run at NCEP is within 

the necessary range with a horizontal grid spacing of 12 km, even its 60 vertical levels falls 

well short of that necessary to resolve the most unstable growth mode associated with CSI.  

While coarser grid spacing is able to resolve less unstable modes of CSI growth, the 

circulations will be weaker and the impacts on cloud and precipitation formation delayed 

(Persson and Warner 1993).   

 

2.5 Previous research on 24–25 January 2000 case 

Zhang et al. (2002) found high sensitivity in mesoscale model simulations of the 24–

25 January 2000 event to even slight changes in initial conditions, such as the removal of 

data from a single radiosonde station upstream of the event.  They also suggest that 

operational model errors may have occurred due to insufficient model resolution.  Sensitivity 

tests by Zhang et al. (2003) found that the largest error growth in mesoscale model 

simulations during the period from 00–06 UTC 24 January occurred in a small region of 

convection and surface-based potential instability along the Louisiana coast.  The error 

growth was much slower in fake dry simulations, leading Zhang et al. (2003) to conclude that 

the rapid spreading of convective scale errors to larger scales results in a limitation of 

forecast skill on the mesoscale.  Zupanski et al. (2002) found strong sensitivity of Eta model 

forecasts of this event to the data assimilation cycle between 00 and 12 UTC on 24 January, 

as forecasted precipitation totals over the Carolinas and Virginia improved when the data 
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assimilation scheme better depicted surface convergence and moisture over Georgia at 12 

UTC 24 January.  Buzzia and Chessa (2002) found increased predictability of the event using 

the ECMWF ensemble forecast system as probabilistic forecasts suggested the storm’s 

development 24 to 48 hours before the deterministic model did.  They also found that 

forecast errors were especially sensitive to moist processes.  

A study by Langland et al. (2002) examining 24–96 h forecasts of the event using the 

U.S. Navy global forecast model and adjoint system found that the forecast error was likely 

due to large error growth in a highly unstable flow regime over the eastern Pacific and 

western and central North America.  A correction to the initial conditions provided by the 

adjoint model for a 72-h forecast reduced the cyclone position error by almost 75%, 

suggesting that operational models could have more accurately predicted this event with 

improved initial conditions.  Another adjoint-based study by Kleist and Morgan (2005) found 

large sensitivity in the lower troposphere ahead of the upper trough moving through the 

southeastern United States.  Interestingly, their results showed that altering the initial 

conditions in a way that improved the forecast track and intensity of the surface cyclone did 

not necessarily improve the prediction of precipitation over the Carolinas and Virginia.  Jang 

et al. (2003) incorporated Total Ozone Mapping Spectrometer (TOMS) ozone data in the 

analysis used for a mesoscale model simulation of this event initialized at 12 UTC 24 

January.  Ozone data was used because near the tropopause it provides information on the 

stratospheric PV distribution (e.g., Danielsen 1968) as well as the character of upper troughs 

and ridges (e.g., Reed 1950).  They found that the inclusion of the TOMS data provided 

information largely in the upper troposphere, but the assimilation of radiosonde data was 
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required to improve the forecast of the cyclone track, intensity, and precipitation beyond that 

achieved by operational model forecasts. 

Brennan and Lackmann (2005) (a portion of this study shown in section 6) showed 

that a mesoscale model simulation of this event initialized after the formation of the IP to 

better resolve its impact, showed a large improvement in the cyclone evolution and 

precipitation distribution over the Carolinas and Virginia.  The results of a PV budget 

showed that the latent heating associated with IP was responsible for diabatically generating 

a cyclonic PV anomaly in the lower-troposphere and found through piecewise PV inversion 

that that the flow associated with the PV anomaly was critical to the moisture transport into 

the Carolinas and Virginia during the period of heavy snowfall. 
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3. METHODOLOGY AND TOOLS 

 

3.1 Observational datasets and model analyses 

Much of the observational and operational model data used for this study were 

received via the Unidata program and displayed using the General Meteorological Package 

(GEMPAK, desJardins et al., 1991).  Available surface and upper-air observations and 

analyses, mosaic radar reflectivity imagery, data from available Weather Surveillance Radar-

1988 Doppler (WSR-88D) sites, and satellite imagery from GOES-8 were used in the 

analysis of the 24–25 January 2000 case.  

Analyses from the NOAA Forecast Systems Laboratory's Rapid Update Cycle (RUC) 

model and analysis system (Benjamin et al. 1998), the NCEP Eta data assimilation scheme 

(EDAS, Rogers et al. 1995) and the global data assimilation scheme (GDAS, Kanamitsu 

1989) were available for analysis and use as initial conditions for NWP model simulations.  

As of January 2000, the RUC analysis was performed hourly on a grid with 40 km horizontal 

grid spacing and 40 isentropic-sigma hybrid vertical coordinate levels (Benjamin et al. 1998).  

Data assimilated into the RUC at this time included temperature, height, moisture and wind 

from rawinsondes and dropwinsondes; wind and temperature from aircraft; wind, 

temperature, dewpoint, and altimeter setting from surface observations; high-resolution 

ascent-descent reports from aircraft; WSR-88D velocity azimuth display (VAD) wind profile 

data (Klazura and Imy 1993); ship reports; precipitable water from satellite data; satellite 

cloud-drift winds; and tropical cyclone reconnaissance dropwinsonde data.  The data were 

assimilated using an optimal interpolation (OI) multivariate analysis (Benjamin 1989) and 
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the background for each analysis was provided by the 1-h forecast from the previous 

assimilation cycle.   

The EDAS as of January 2000 utilized a regional three-dimensional variational 

analysis scheme (3DVAR, Parrish et al. 1996) which included data from the following 

sources: rawinsonde mass and wind; pibal winds; dropwinsonde data; wind profilers; surface 

land observations of temperature and moisture; ship and buoy reports; aircraft winds; satellite 

cloud-drift winds; satellite precipitable water; TOVS oceanic thickness retrievals; ACARS 

temperature data; surface winds over land; WSR-88D VAD winds; oceanic surface winds 

from SSM/I; and bogus data for tropical cyclones (Rogers et al. 1998).  As of February 1998, 

the horizontal grid-spacing of the EDAS was 32 km with 45 vertical levels and the EDAS 

was converted to “full” cycling mode, with the first guess for all atmospheric variables 

provided by the forecast from the previous EDAS cycle (Rogers et al. 1998).  

 The GDAS as of January 2000 utilized the Spectral Statistical Interpolation (SSI) 

3DVAR system (Derber et al. 1991; Parrish and Derber 1992; Kalnay et al. 1996) and was 

run with horizontal spectral truncation at wave number 126 (an effective horizontal grid 

spacing of approximately 104 km) and 28 vertical sigma levels (T126/28) with an improved 

time interpolation to take advantage of the addition of 3- and 9-h forecasts in the model cycle 

(Caplan and Saha 1998).  In early 1998 changes were made to the SSI system to better 

incorporate nonlinearities into the analysis, and a new formulation for the background error 

covariance was introduced to allow greater flexibility and future improvement into the 

analysis system (Derber et al. 1998).  Changes were also made at this time to incorporate 3-D 

ozone data and radiances from GOES satellites.  In early 1999 WSR-88D VAD winds were 

removed from the GDAS (NCEP 2005).  Interestingly, in the midst of the 24–25 January 
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2000 event, the resolution of the GDAS system was increased to T170/42 at 12 UTC 24 

January 2000 (Caplan and Pan 2000).  A summary of the characteristics of the analysis 

schemes is provided in Table 3.1. 

Analyses and forecast data from the RUC model were available on the World 

Meteorological Organization (WMO) 236 (211) grid with approximately 40-km (80-km) 

horizontal grid spacing and data every 25 (50) hPa in the vertical.  Analyses and forecast data 

from the Eta and AVN models were available on the WMO 211 grid, and additional AVN 

data were available on the WMO 213 grid with approximately 95-km horizontal grid spacing 

and data at mandatory pressure levels. 

Two reanalysis datasets were utilized in this study, the NCAR/NCEP Global 

Reanalysis (referred to as the NCEP reanalysis) and the North American Regional Reanalysis 

(NARR).  The NCEP reanalysis was originally performed over a 40-year period from 1957–

1996 over a global grid with horizontal spectral truncation at wave number 26 (a grid spacing 

of approximately 2.5º) and 28 vertical levels (Kalnay et al. 1996) and has since been updated 

in near real-time.  The data sources for the NCEP reanalysis are assimilated using the SSI 

3DVAR system that was operational in January 1995.  The main data sources for the 

reanalysis are: global radiosonde data; surface marine data; aircraft data; synoptic land 

surface observations; satellite sounder and cloud drift winds; Reynolds SST reanalysis; and 

weekly snow cover analysis (Kalnay et al. 1996).   

The NARR was undertaken to improve the accuracy and resolution of the analysis 

over North America beyond that available in the NCEP reanalysis.  The NARR originally 

covered the period from 1979–2003, and is currently being extended in near-real time 

(Mesinger et al. 2004).  The analysis is performed over a domain that covers North America 
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and the adjacent Atlantic and Pacific waters with 32-km horizontal grid spacing and 45 

vertical levels.  The analysis scheme used in the NARR is the version of the EDAS that was 

operational in April 2003 and is fully cycled, with the 3-h forecast from the previous cycle 

used as the first-guess field for the next cycle (Mesinger et al. 2004).  Nearly all of the data 

utilized in the NCEP reanalysis was also used in the NARR, with the addition of precipitation 

data; satellite radiance, wind and precipitable water data over the oceans; surface 

observations over land (excluding 2 m temperature); sea ice and lake ice cover data; 1º 

Reynolds SST analysis; and Air Force snow cover data over land (Mesinger et al. 2004, 

Shafran et al. 2004).   

For a more accurate analysis of the liquid-equivalent precipitation totals in areas that 

received freezing and/or frozen precipitation in the 24–25 January 2000 event, liquid-

equivalent precipitation totals from 24−26 January 2000 reported by NWS cooperative 

observers were used in place of data from the Automated Surface Observation System 

(ASOS) tipping bucket gauge.  In instances of freezing and/or frozen precipitation, the ASOS 

tipping bucket gauge can greatly underestimate the amount of liquid-equivalent precipitation, 

perhaps by as much as 40–50% (NWS 2005).  For example, in the 24–25 January 2000 

event, the ASOS at RDU reported 20.1 mm of liquid-equivalent precipitation for this event, 

while a more accurate estimate of the actual liquid-equivalent total was 60.2 mm (NCDC 

2000a), indicating an ASOS underestimation of nearly two-thirds.  Although the cooperative 

observer dataset is not ideal because the observations are taken at various times and are 

available only once daily, they nevertheless represent a major improvement over the use of 

ASOS tipping bucket data in the regions that received heavy snowfall.  All observations from 

Virginia, North Carolina, South Carolina, and Georgia were obtained and interpolated to a 77 
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× 53 grid with 0.21° latitude/longitude grid spacing using a two-pass GEMPAK Barnes 

objective analysis (Koch et al. 1983).  Any clearly erroneous observations were removed 

from the dataset, (e.g., an observation of zero precipitation in an area that received substantial 

snowfall) before the objective analysis was performed1.  

 

3.2 Mesoscale models 

 

3.2.1 Model descriptions 

 To conduct sensitivity tests and provide physically consistent datasets for diagnostic 

computations (e.g., Keyser and Uccellini 1987, section 2), both the fifth-generation version 

of the Pennsylvania State University-National Center for Atmospheric Research mesoscale 

model (MM5) and Weather Research and Forecast (WRF) modeling system were used.  

MM5 is a sigma-coordinate non-hydrostatic model that covers a finite domain with a 

rectangular grid.  An overview of the model and the prognostic model equations can be found 

in Dudhia (1993) and Grell et al. (1994).  MM5 has numerous options for model physics, the 

capability for nesting, and can be parallelized for high-performance multiple processor 

computing.   In addition, version 3.5 of MM5 was modified to directly output the terms in the 

temperature tendency equation, allowing examination of the heating and cooling influences 

of the CP scheme, grid-scale microphysics, and other schemes in the model.  Output from 

this model was used in sensitivity tests and for diagnostic computations of the PV budget and 

PV inversion discussed below.   

                                                 
1 Results of this analysis are presented in section 4. 
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WRF is a highly-flexible mesoscale modeling system developed by NCAR and 

NCEP with numerous options for model physics and configuration.  Version 2.0.3.1 of the 

Advanced Research WRF (ARW) dynamical core developed at NCAR is used in this study 

(Skamarock et al. 2005) for sensitivity tests involving the formation of the incipient 

precipitation.  WRF was utilized because it represents an improvement over MM5 in finite-

differencing resulting in more efficient computation, and because versions of WRF will soon 

be implemented operationally, meaning that the results of this study might be more easily 

transferred into operations.  Details of individual model simulations (e.g., grid spacing, 

physics, and initial conditions) will be presented prior to those model results in subsequent 

sections. 

 

3.2.2 Cumulus parameterization 

 In NWP models run with horizontal grid spacing too coarse to resolve cumulus 

convection, the use of a CP scheme is necessary to prevent the unrealistic build-up of 

convective instability on the model grid scale that can result in the formation of so called 

“grid-box” thunderstorms (Molinari and Dudek 1992).  Additionally, CP schemes are 

necessary to allow precipitation to form prior to the occurrence of saturation on the model 

grid as well as represent the effects of sub-grid scale convection back to the model grid-scale 

variables.  Numerous CP schemes have been developed for use with various NWP models.  

 In addition to driving the evolution of convective systems themselves (e.g., Wang and 

Seaman 1997), large sensitivity is seen in other aspects of model solutions to the choice of 

CP scheme (e.g., Kuo et al. 1996).  This sensitivity extends even to nested model simulations 
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with the explicit representation of convection on the inner domain, as the solution can be 

strongly influenced by the CP scheme activity on the outer domain (Warner and Hsu 2000).   

These large sensitivities are seen because CP schemes differ in several important 

ways: 

(i) The activation of the scheme or “trigger function” can vary greatly, 

resulting in some schemes activating when and where other schemes 

would not (e.g., Wang and Seaman 1997; Gallus 1999; Baldwin et al. 

2002),  

(ii) The amount of interaction between the CP scheme and the model-grid 

scale variables, as some schemes provide hydrometeor fields back to the 

model grid scale which can alter the activity of the explicit microphysics 

scheme (e.g., Kuo et al. 1996), 

(iii) The representation of important physical processes like downdrafts which 

can result in large differences in the movement and triggering of 

convection (e.g. Gallus 1999), 

(iv) The vertical re-distribution of heat and moisture in the removal of 

instability, which can significantly impact the distribution of PV in the 

model solution (Stoelinga 1996), 

(v) The representation (if any) of shallow (i.e. non-precipitating) convection, 

which can alter the stability and moisture profile in the lower-troposphere 

and can govern the activation of deep (i.e. precipitating) convection (e.g. 

Baldwin et al. 2002, Mahoney and Lackmann 2005).   
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Given the large impact of LHR seen in cyclone evolution and moisture transport 

(visible through the use of the PV framework), CP scheme choice could be a significant 

factor in the evolution of extratropical cyclones and their associated precipitation 

distribution.  In this study several CP schemes will be utilized in model simulations of the 

24–25 January 2000 event.  A general description of each scheme, as they are currently 

available in either the MM5 or WRF models will be provided below, with more specific 

information given when results from simulations are discussed in subsequent sections.   

The Betts-Miller-Janjić (BMJ) scheme (available in MM5 and WRF) is a modified 

version of the Betts-Miller (BM) scheme which adjusts the atmospheric thermal and moisture 

profiles towards a reference quasi-equilibrium profile observed in the wake of deep 

convection (Betts 1986).  The current version of the scheme first locates the most unstable 

parcel within approximately 200 hPa of the model ground, and lifts it to its lifting 

condensation level (LCL) and then to the equilibrium level (EL), requiring the parcel to be 

positively buoyant from cloud base (defined as the LCL) to cloud top (near the EL) over a 

depth of at least 200 hPa for the deep convection scheme to activate (Baldwin et al. 2002).  

The BMJ deep convection scheme operates under an enthalpy constraint and will not trigger 

if the convective adjustment does not result in a net warming and drying in the column.  

Therefore, activation of the BMJ scheme is particularly sensitive to relative humidity, as a 

dry moisture profile will prevent the scheme from activating due to the above enthalpy 

constraint (Gallus 1999, Baldwin et al. 2002).   The shallow convection component of the 

BMJ scheme has been shown to impact the activation of the deep convection scheme 

(Baldwin et al. 2002) as well as prematurely erode the stable cold dome in a case of 

Appalachian cold-air damming (Stanton 2003).  Additionally, the BMJ scheme does not 
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provide any representation of downdrafts to the model grid scale (Gallus 1999), which 

degrades the ability of models using BMJ (e.g. the operational Eta/NAM) to correctly 

propagate convective systems (Davis et al. 2003).   

The Kain-Fritsch (KF) scheme (available in MM5 and WRF) is based on the closure 

assumptions from the Fritsch-Chappel scheme (Fritsch and Chappell 1980), where the effects 

of convection remove convective available potential energy (CAPE) within a grid cell (Kain 

and Fritsch 1993).  A recently modified version of the KF scheme (Kain 2004) uses a simple 

cloud model with moist updrafts and downdrafts and includes entrainment and detrainment 

effects.  The scheme is closed by incrementally increasing the mass flux until 90% of the 

CAPE is removed.  KF has a buoyancy-based trigger function that searches the lowest 300 

hPa of the atmosphere for unstable parcels mixed over a depth of at least 50 hPa.  The effect 

of synoptic-scale vertical motion is represented in the scheme by a positive temperature 

perturbation provided to the parcel based on the running-mean grid-scale vertical velocity at 

the parcel’s LCL.  As the parcel is lifted beyond the LCL the impacts of entrainment, 

detrainment, and water loading are included and the parcel must maintain upward vertical 

velocity over a specified depth (typically 3–4 km) for the deep convection scheme to 

activate.  The newly modified scheme now allows for shallow (non-precipitating) 

convection, among several other changes (Kain 2004).   

The Grell CP scheme (available in MM5) is modified from the Arakawa-Schubert 

(Arakawa and Chang 1993) scheme and uses a simple one-cloud model that neglects the 

impact of entrainment and explicitly represents downdrafts (Grell 1993; Grell et al. 1994).  

The scheme searches for air parcels that will reach their level of free convection (LFC) after 

being lifted less than 50 hPa and requires a cloud depth of at least 150 hPa to activate (Colle 
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et al. 2002).   The scheme attempts to balance the distribution of precipitation between the 

scheme and the grid-scale microphysics and includes the effects of wind shear on 

precipitation efficiency (NCAR 2005a).   

The ensemble-based Grell-Devenyi (GD) scheme (available in WRF) is based on the 

original Grell scheme and has been modified to include lateral entrainment and detrainment 

and uses an ensemble of closure and feedback assumptions each time the scheme is called 

(Grell and Devenyi 2002; Benjamin et al. 2004).  The closure assumptions used are based on 

the removal of CAPE, destabilization effects, moisture convergence, and low-level vertical 

velocity.  These, combined with 27 other variations of convective intensity and feedback 

result in a 108-member ensemble, and the ensemble mean result is fed back to the model 

(Benjamin et al. 2004).   

 

3.2.3 Boundary layer parameterization 

The effects of boundary layer entrainment, detrainment, mixing, and other sub-grid 

scale processes such as turbulence and friction are represented in NWP models by planetary 

boundary layer (PBL) parameterization schemes.  Three PBL schemes are used in this study: 

the Blackadar scheme in MM5, as well as the Yonsei University (YSU) and Mellor-Yamada-

Janjić (MYJ) schemes in the WRF model.   

The Blackadar high-resolution PBL scheme has five layers in the lowest 1-km and 

two turbulent mixing regimes (Zhang and Anthes 1982, Braun and Tao 2000).  The mixing 

regime is determined by the magnitude and sign of the bulk Richardson number (RB), and the 

ratio of the height of the first half-σ level in the model to the Monin-Obukhov length scale 

(za/L).  The bulk Richardson number is given by Stull (1997) as 
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and can be generally interpreted as a ratio of buoyancy to shear.  The stable mixing regime in 

the Blackadar scheme varies from “very stable” to “forced convection” if RB ≥ 0, or RB ≤ 0 

and |za/L| ≤ 1.5.  In the stable regime surface variable tendencies are determined by local K 

theory, or first-order closure, also known as gradient-transport theory (Stull 1997).  If RB ≤ 0 

and |za/L| ≥ 1.5, the unstable regime is used, and the vertical transfer of heat, moisture, and 

momentum in the mixed layer is computed using non-local mixing and the surface heat flux.  

Mixing in the free atmosphere in both the stable and unstable regimes is determined using K 

theory (Braun and Tao 2000).   

The YSU scheme is based on the MRF non-local PBL scheme (Hong and Pan 1996), 

which computed tendencies based on bulk PBL characteristics (Braun and Tao 2000).  The 

YSU scheme explicitly represents the entrainment rate at the top of the PBL, reducing the 

entrainment early in the PBL growth phase; the scheme also utilizes non-local momentum 

mixing in the PBL (Noh et al. 2003; Dudhia 2004).  Previous research has shown that the 

MRF scheme produced excessively deep mixing, resulting in a drier, deeper PBL in the 

tropical cyclone environment (Braun and Tao 2000) and was found to contribute to the pre-

mature erosion of an Appalachian CAD event (Stanton 2003).   

The MYJ scheme is a 1-D prognostic scheme based on 2.5-level turbulent kinetic 

energy (TKE) closure with local vertical mixing.  This scheme is currently used in the 

operational NAM model and is a non-singular implementation of the original Mellor-

Yamada scheme (Mellor and Yamada 1982) through a full range of turbulence regimes 
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(NCAR 2005b).  The upper-limit of the length scale is determined by the TKE, buoyancy, 

and the shear of the flow (NCAR 2005b). 

In the WRF model, the effects of surface fluxes are accounted for by surface layer 

physics schemes, with two options available: (i) the MM5 similarity scheme and (ii) the 

Janjić Eta scheme.  The MM5 similarity scheme is based on Monin-Obukhov similarity 

theory (Monin and Obukhov 1954), contains a Carlson-Boland viscous sublayer, and uses 

standard similarity functions from look-up tables (MMM 2005).  Monin-Obukhov similarity 

theory computes the fluxes in the surface layer at a single height (the surface) and is valid for 

non-calm conditions (Stull 1997).  In the Janjić Eta scheme, over water the viscous sublayer 

is defined by a thin layer immediately above the surface where the vertical transport of 

variables is determined by molecular diffusion.  Above this layer is a turbulent layer where 

the vertical transport of variables is driven only by turbulent fluxes (Janjić 1994).  Over land 

the Janjić Eta scheme accounts for the effects of the viscous sublayer by varying the 

roughness height for temperature and humidity (NCAR 2005b).  Surface fluxes are computed 

by an iterative method.  In WRF, the MYJ PBL scheme must be run with the Janjić Eta 

surface layer scheme. 

 

3.3 Ensemble forecasting 

Lorenz (1963) showed that the atmosphere is sensitive even to small perturbations, 

resulting in a chaotic system with limited predictability.  To increase predictability and better 

understand uncertainty in NWP forecasts, an ensemble is constructed by running variations 

of one or more NWP models with varied initial conditions (ICs) and/or physical 

parameterizations to utilize the inherent uncertainty in both ICs and model physics to 
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generate a wide range of model solutions.  The ensemble mean will generally provide 

additional skill beyond any one individual member as it can filter out a portion of the 

unpredictable forecast components, while the spread (the variation of the ensemble around 

the ensemble mean) is an indicator of uncertainty in the solution, however this requires that 

the model is realistic and the initial conditions represent the uncertainty in the analysis (e.g., 

Toth and Kalnay 1993).  Ensemble forecasting provides detailed probability distributions in 

contrast to the yes/no information based on a single deterministic forecast, and helps more 

completely express the probability of the occurrence of a given event (Mullen and 

Baumhefner 1994; Stensrud et al. 2000; Zhu et al. 2002).  Significant forecast improvement 

due to ensemble averaging can be seen with as few as 8–10 members; as Du et al. (1997) 

showed that up to 90% of the improvement is found in an ensemble of this size.   

Initial efforts at operational ensemble forecasting focused on large-scale synoptic 

forecasting beyond the short range.  For example, NCEP (then the National Meteorological 

Center) in 1992 began to breed growing error modes in model analyses by perturbing the 

model analysis with fields that are representative of the growing errors present in the analysis 

(Toth and Kalnay 1997).  This method that quickly became useful in operational medium- 

and extended-range forecasting (Toth et al. 1997) and was expanded to regional limited-area 

modeling (Hamill and Colucci 1997).   

 Efforts to make ensemble forecasting more useful in the short-range, where smaller-

scale processes such as convective precipitation are more important, necessitated that model 

physical parameterizations be varied in addition to ICs.  Since these parameterizations make 

assumptions to represent physical processes (i.e. convection, boundary layer processes), they 

generate uncertainty due to the imperfect representation of these processes in the model.  It is 
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important to recognize that if a model is unable to correctly forecast a feature, an ensemble 

perturbation created from this model will also likely be unable to forecast the given feature 

(Tribbia and Baumhefner 1988, Stensrud et al. 2000).  An ensemble study of a mesoscale 

convective system by Stensrud et al. (2000) found that the variance generated by a physics 

ensemble grows more quickly than variance associated with an IC ensemble in the first 6–12 

hours, consistent with the findings of Harrison et al. (1999).  While Hamill (1997) found that 

the dispersion within an ensemble is usually larger aloft, Mullen and Baumhefner (1988) 

showed that changes in model physics had the most impact near the surface.   

 Details on the ensemble performed for this study are given in section 7.1.  

Computations performed on model output for the ensemble include the ensemble mean and 

standard deviation.  The standard deviation is simply the square root of the variance, which is 

calculated from the following formula from Johnson (1994), Section 2.7: 
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where s2 is the variance, n is the number of members in the ensemble, and xi is the quantity in 

question from each individual ensemble member. 
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3.4 Diagnostic computations 

 

3.4.1 Quasigeostrophic forcing 

To quantify the QG forcing for ascent from model data, the QG vertical velocity was 

computed by solving the adiabatic, frictionless form of the QG omega equation following 

Keyser et al. (1992): 
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+∇ pp h
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f 22
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where Q is the Q-vector in terms of the horizontal gradients of the geostrophic wind 

components and θ, f0 is a constant value of the Coriolis parameter, σ is the static stability 

coefficient, and 
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where p0 is a reference pressure (1000 hPa).  As can be seen in (3.4) the magnitude of Q is 

proportional to the horizontal gradients of θ and the geostrophic wind components.   The 

forcing function for ω, Q⋅∇ p  in (3.3), physically represents the effect of the geostrophic 

deformation on the θ distribution (Bluestein 1993).  The Q-vector form of the QG omega 

equation is useful in diagnosing QG forcing for ascent as it avoids the ambiguity sometimes 

introduced by cancellation of forcing from the differential geostrophic vorticity advection 

and geostrophic thermal advection terms in the traditional QG omega equation (Durran and 
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Snellman 1987; Bluestein 1993).  The QG ω is computed by separating the components of Q 

into natural coordinates and by solving (3.3) numerically using a successive overrelaxation 

technique (Barnes 1985; Durran and Snellman 1987; Keyser et al. 1992).  QG forcing for 

ascent (descent) is indicated by the convergence (divergence) of Q.   

 

3.4.2 Two-dimensional frontogenesis 

 Two-dimensional frontogenesis neglecting the effects of diabatic heating, tilting, and 

vertical motion (Miller 1948) was computed on gridded data using the following equation in 

GEMPAK: 

 ( )[ ]DEcF −∇= βθ 2cos
2
1        (3.6) 

where 
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E is the total deformation, D is the divergence, H is the shearing deformation, T is the 

stretching deformation, δ is the local axis of dilatation, and c is a unit conversion (map scale 

factors have been ignored for notational simplicity).  The frontogenesis function describes 

the change in θ following the motion of an air parcel.   From (3.6–3.8) it is evident that 

convergence (divergence) is frontogenetical (frontolytical), while horizontal deformation is 
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frontogenetical (frontolytical) when the axis of dilatation lies within 45º (between 45º and 

90º) of the isotherms (Bluestein 1993).   

 

3.4.3 Ertel’s PV 

Ertel’s potential vorticity (PV; Rossby 1940; Ertel 1942) can be derived after Holton 

(1992, section 4.3) beginning with Poisson’s equation: 

Cp
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p
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⎛
=θ          (3.9)  

where θ is the potential temperature, Ps is the pressure at a standard level (usually 1000 hPa), 

R is the ideal gas constant for dry air and cp is the specific heat at constant pressure.  Using 

the ideal gas law, P = ρRT, θ can be re-written in terms of a relationship between p and ρ 

where density is a function of pressure only on an isentropic surface: 

 ( ) ( ) 1−= θρ Rpp Cp
R

s
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       (3.10) 

This relationship causes the solenoidal term in the circulation theorem to vanish, reducing the 

circulation to that of a barotropic fluid, satisfying Kelvin’s circulation theorem: 

 ( ) 0sin2 =Ω+ φδAC
Dt
D        (3.11) 

where C is the circulation evaluated for a closed loop of area δA on an isentropic surface and 

Ω is the angular speed of the earth’s rotation (7.292 × 10-5 s-1).  Since the vertical component 

of the relative vorticity can be approximated as C/δA, if the isentropic surface is 

approximately horizontal, for an infinitesimal air parcel the circulation theorem becomes: 

 ( ) constfA =+θζδ         (3.12) 
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where ζθ  is the vertical component of the relative vorticity on an isentropic surface and f is 

the Coriolis parameter (2 Ω sin φ) .  For a parcel confined between two isentropes separated 

by a pressure interval –δp, the mass of the parcel7 
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must be conserved.  From (3.13) it is clear that  
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and multiplying and dividing the right hand side of (3.14) by δθ,  
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Since δM is conserved and δθ is constant, (3.15) can be expressed as: 
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Substituting in (3.12) and taking the limit as δp 0,  
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where Q is Ertel’s PV in isentropic coordinates, which has units of K kg-1 m2 s-1, where 1 K 

kg-1 m2 s-1 is defined as 1 Potential Vorticity Unit (PVU).   

 A conservation equation for Ertel’s PV can be derived starting from the absolute 

vorticity equation in isentropic coordinates (Holton 1992, Section 4.6.2): 
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where θ&  = dθ/dt, and Fx and Fy are the components of friction the x- and y-direction, 

respectively.   

A general conservation relationship for any quantity X can be written as: 

 ( ) SjX
t

σσ =⋅∇+
∂
∂ r

        (3.19) 

where σ is the density, S is the source/sink term for the quantity X, and j
r

 is the three-

dimensional flux vector.  An analogous conservation relationship for Q can be written as: 
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∂
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where θζ a =σQ.  Substituting this relationship into (3.18), and dividing the result by σ results 

in: 
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Expanding the isentropic continuity equation and multiplying it by Q 
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and substituting the result (3.22) into (3.21) yields the PV equation: 
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If the flow is frictionless and adiabatic, 
dt
dQ  = 0, and (3.23) can be rearranged to give:  
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where the first two terms on the right-hand side represent the effects of diabatic processes 

while the third term represents the impact of frictional processes on the PV distribution.  

Therefore, in the absence of these processes, Q is exactly conserved following an isentropic 

surface.   

 

3.4.4 Quasigeostrophic PV  

A linearized form of Ertel’s PV, quasigeostrophic PV (QGPV) is derived following 

Holton (1992, Section 6.3.2), starting with the QG height-tendency equation: 
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where X is the geopotential height tendency, Φ is the geopotential, f0 is the Coriolis 

parameter, gV
r

 is the geostrophic wind, and σ is a stability parameter.  Putting (3.25) into 

conservation form by neglecting diabatic heating and simplifying the second term on the 

right-hand side using the chain rule of differentiation, it reduces to 
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and applying the thermal wind relationship where 
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and with this term being perpendicular to 
p∂
Φ∂

∇  from (3.26), the result in the cancellation of 

the right most terms in (3.26).   

If X =
t∂
Φ∂ , dividing through by f0 and a re-arrangement of terms results in: 
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where the quantity on the left-hand side of (3.28) defined as the QPGV: 
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The three terms on the right-hand side of (3.29) are the relative vorticity, the planetary 

vorticity, and the stretching vorticity, respectively.  In geostrophic flow, the sum of these 

three terms is conserved; therefore q is conserved following geostrophic motion on an 

isobaric surface.  The QGPV is proportional to a linearized form of Ertel’s PV, but has units 

of vorticity (s-1) and is determined solely of the distribution of Φ.   

 

3.4.5 PV budget 

To identify lower-tropospheric PV maxima produced or enhanced by latent heating, a 

PV budget was compuated based on the methodology outlined in Raymond (1992), Cammas 

et al. (1994), and Lackmann (2002).  The isobaric PV budget equation is given by: 
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where, P is Ertel’s potential vorticity 
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 is the nonadvective PV flux vector,  
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g is the gravitational acceleration, f is the Coriolis parameter, hV
r

 is the horizontal wind 

vector, P∇  is the quasi-horizontal gradient operator on an isobaric surface, and 3∇  is the 

three-dimensional gradient operator [ P∇  - k
r

p∂
∂ ].  The equations are shown here without 

map-scale factors for notational simplicity and the effects of friction are ignored in (3.32).  

From (3.30), the change in PV is a function of the horizontal and vertical PV flux 

divergences and a diabatic nonadvective PV-tendency term, which is proportional to the 

three-dimensional divergence of Y
r

.  From (3.32) it is seen that the non-advective PV flux is 

directed opposite the absolute vorticity vector with and is proportional to the magnitude of 

the absolute vorticity and the heating rate.   

 

3.4.6 Piecewise PV inversion 

To quantify the impact of any PV anomaly, including those produced by diabatic 

processes, nonlinear piecewise PV inversion can be performed based on the methodology 

outlined in Davis and Emanuel (1991).  Given an independent balance relationship between 

the wind and temperature fields, the balanced flow and geopotential height field can be 
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recovered for a given distribution of PV as a boundary value problem.  The methodology of 

Davis and Emanuel (1991) utilizes the Charney (1955) balance equation, which is similar to 

gradient wind balance and very accurate in high-curvature flows.  This balance assumption 

requires that the nondivergent portion of the observed wind field be nearly identical to the 

balanced winds.   

The PV inversion solves for balanced fields of geopotential (Φ) and streamfunction 

(ψ) using perturbation values of PV on the model interior as well as upper- and lower-

boundary perturbation θ.  It is necessary to define mean-state values of PV,θ, Φ, and ψ for 

the inversion so that perturbation quantities of the variables can be obtained by subtracting 

the instantaneous value from the mean state.  The system of equations used to solve for Φ 

and ψ  given the PV distribution are: 
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where λ is longitude, φ  is latitude, a is the earth’s radius, q is the potential vorticity, κ = 

Rd/Cp, and π is the Exner function which serves as the vertical coordinate of the system.  The 

problem is solved using an iterative successive overrelaxation method with values of ψ and 

Φ are prescribed on the lateral boundaries and the vertical derivative of those quantities 

specified at the horizontal boundaries.   
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Output from the inversion includes values of Φ and ψ, which can be used to 

determine the impact of the PV anomaly in question on the geopotential height field and 

balanced wind flow, respectively.  The balanced flow at a given pressure level induced by a 

particular PV anomaly can be computed from the ψ field using the following relationship:  
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Once the balanced winds from a given PV anomaly are computed, their impact on the 

evolution of other PV anomalies can be quantified (Davis and Emanuel 1991).  The 

piecewise moisture flux associated with a PV anomaly can be computed by multiplying the 

mixing ratio by the balanced flow from the PV inversion at a given pressure level (Lackmann 

and Gyakum 1999).  Other diagnostics can be computed from the balanced flow, such as 

thermal advection or Q-vector forcing to quantify the thermal forcing produced by any PV 

anomaly.   

Davis and Emanuel (1991) suggest partitioning the PV perturbation field into three parts, 

the upper-level PV (above 500 hPa), lower-level PV (700 to 850 hPa) and lower-boundary θ 

(taken above the boundary layer).  However, Davis (1992) points out that there is no unique 

way to partition the PV anomalies given the nonlinear terms present in the equations for 

piecewise PV inversion.  Davis (1992) found that varying the method of PV partitioning 

resulted in relatively small differences in the solutions, but relative errors grow with 

increasing distance from the anomaly.  These errors result in decreasing certainty in the 

influence of a PV anomaly farther away from the anomaly itself, especially in situations 

where the Rossby number is large, implying a lack of geostrophic balance.   
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Analysis Scheme Horizontal Grid 
Spacing 

Vertical 
Levels 

Data 
Assimilation 

Type 

RUC 40 km 40  OI 

Eta/EDAS 32 km 45  3DVAR 

AVN/GDAS 104 km 28 3DVAR 

 
Table 3.1.  Characteristics of model analysis schemes as of 00 UTC 24 January 2000.  
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4. SUMMARY OF 24–25 JANUARY 2000 CYCLONE  

 

4.1 Introduction 

The extratropical cyclone event that affected the southern and eastern United States 

on 24–25 January 2000 represents one of the more significant operational forecast failures in 

recent years.  Heavy precipitation associated with this cyclone occurred from Alabama to 

New England, with snowfall totals exceeding 30 cm (~1 foot) as far south as the Carolinas, 

resulting in significant societal and economic impact in a region that does not often 

experience heavy snowfall.  This event set the storm-total snowfall record at Raleigh-

Durham, North Carolina (RDU) of 51.5 cm (20.3 in., NCDC 2000b), a location where the 

30-year average annual snowfall is only 18 cm (7.1 in., NCDC 2004).  In terms of liquid-

equivalent precipitation, an objective analysis1 of liquid-equivalent precipitation totals from 

the NWS cooperative observer network shows that 30–70 mm of liquid-equivalent 

precipitation fell across the central and eastern Carolinas and southeast Virginia during the 

two-day period from 24–26 January 2000 (Fig. 4.1a).  Maximum liquid-equivalent 

precipitation amounts exceeded 75 mm (3 in.) across eastern South Carolina and southeastern 

North Carolina.   

Guidance from operational NWP models initialized as late as 00 UTC 24 January 

failed to predict any significant precipitation in portions of the Carolinas that received 30–60 

cm (1–2 feet) of snow.  For example, the 48-h precipitation forecast ending at 00 UTC 26 

January from the NCEP Eta model confined liquid-equivalent precipitation amounts 

exceeding 25 mm to the immediate coastal area of North Carolina and offshore (Fig. 4.1b) 

                                                 
1 The methodology used for this analysis is described in section 3.1 
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and forecasted less than 5 mm of liquid-equivalent precipitation at RDU, where over 60 mm 

was observed.  The poor forecast of this event was not limited to the Carolinas, as this storm 

was also widely perceived as an operational forecast failure in the Washington, D.C. area 

(Zupanksi et al. 2002; Jang et al. 2003; Bosart 2003).   

 

4.2 Synoptic overview 

Analyses from the RUC model (see section 3.1 for a description of the RUC analysis 

scheme) interpolated onto the WMO 211 grid with approximately 80-km grid spacing and 

data every 50 hPa in the vertical, along with radar and satellite imagery and manual surface 

analyses will be used to present a synoptic-scale overview of this event from both a 

traditional QG and a PV thinking perspective.   

At 00 UTC 24 January a broad trough in the mid- and upper-troposphere dominates 

the central United States (Fig. 4.2), with two 70 m s-1 jets seen at the 250-hPa level, one 

upstream of the trough axis over New Mexico and Texas and one downstream over the mid-

Atlantic and New England (Fig. 4.2a).  Several absolute vorticity maxima are embedded in 

the 500-hPa trough axis that stretches from the Great Lakes to Oklahoma (Fig. 4.2b).  Along 

the trough axis at the 700-hPa level an area of high relative humidity is situated over 

Missouri and Arkansas, however the strongest ascent in the mid-troposphere is analyzed in a 

band from the Carolinas to the Gulf Coast states (Fig. 4.2c), along a broad baroclinic zone at 

the 850-hPa level extending from Texas to the Carolinas (Fig. 4.2d).  Surface analysis at this 

time shows that the sloping baroclinic zone intersects the surface along the immediate Gulf 

coast and stretches across northern Florida to a low center east of the Delmarva Peninsula 

(Fig. 4.3).  South of the front along the Gulf coast temperatures are between 15ºC and 20ºC, 
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while north of the boundary temperatures are much cooler, less than 10ºC with weak cold 

advection underway.   

Infrared imagery from GOES-8 at 00 UTC shows a large band of cold cloud tops 

along and poleward of the front from eastern Texas to the mid-Atlantic.  Cold cloud tops are 

also seen ahead of the trough axis from Oklahoma into the Ohio Valley (Fig. 4.4) consistent 

with the light precipitation observed on radar in this region (Fig. 4.5).  Elsewhere, along the 

main baroclinic zone light to moderate precipitation is occurring from the Carolinas to 

Florida, continuing westward along the Gulf coast. 

From the PV perspective, the upper trough is reflected in the 200–400-hPa PV field 

with several PV maxima exceeding 5 PVU over the Great Plains (Fig. 4.6a).  In the lower-

troposphere, the largest PV is located over Wisconsin in a region dominated by a stable arctic 

airmass, and a smaller PV maximum is located offshore of the Mid-Atlantic states near the 

extratropical cyclone in that area (Fig. 4.6b).  The θ distribution at the 950-hPa level shows a 

maximum near the cyclone offshore of the mid-Atlantic, and while no other prominent 

maxima are seen elsewhere, the large-scale baroclinic zone is clearly visible over the 

southeastern U.S. (Fig. 4.6c)   

 By 12 UTC 24 January the 250-hPa trough axis has progressed eastward, and now 

extends from the eastern Great Lakes to the Gulf coast south of the Mississippi-Alabama 

border, as the western jet has moved into eastern Texas, placing the central Gulf coast into 

the left-exit region of the jet (Fig. 4.7a).  At the 500-hPa level, the absolute vorticity in the 

southern portion of the trough has intensified, and a large area of upward vertical motion 

occurring with high relative humidity at the 700-hPa level is noted over eastern Alabama and 

Georgia (Fig. 4.7b,c).  A closed circulation has formed at the 850-hPa level over western 
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Georgia as the baroclinity has increased considerably with a 10ºC temperature difference 

aanlyzed across the state of Georgia (Fig. 4.7d).  The increased baroclinity and upper-level 

forcing are consistent with the formation of a 1005-hPa cyclone at the surface along the 

Georgia-Florida border by this time (Fig. 4.8).  Northeast of the cyclone a well-defined 

coastal front is seen, separating near freezing temperature over the central Carolinas from a 

warm moist maritime airmass, while southwest of the low center a cold front is surging into 

the northern Gulf of Mexico.   

 Infrared satellite imagery at 12 UTC shows a striking “S-shaped” band of cold cloud 

tops ahead of the intensifying upper-trough from western Virginia to the eastern Gulf (Fig. 

4.9), while under this cloud shield a broad band of precipitation is seen on radar imagery 

from the northern Gulf to southern North Carolina, with additional precipitation seen along 

the coastal front and east of Florida (Fig. 4.10). 

 Consistent with the increase of absolute vorticity in the base of the upper trough, the 

PV in the 200–400-hPa layer by 12 UTC has increased to more than 6 PVU along the 

Mississippi-Alabama border, while in the vicinity of the precipitation shield over Georgia a 

lower-tropospheric PV maximum of 0.75 PVU has developed (Fig. 4.11a,b).  Little evidence 

is seen in the 950-hPa θ field of the surface cyclone, which is not unexpected given that the 

cyclone remains quite weak at this time (Fig. 4.11c). 

 At 00 UTC 25 January, the signatures of intense extratropical cyclogenesis are 

apparent at all levels, with a negatively-tilted 250-hPa trough centered over southern Georgia 

and downstream ridging seen over eastern North Carolina and Virginia (Fig. 4.12a).  At the 

500-hPa level the upper-trough has cut off over southern Georgia while at the 700-hPa level 

a closed low is located near Savannah, Georgia, with intense upward vertical motion 
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occurring from eastern Georgia to southern North Carolina (Fig. 4.12b,c).  At the 850-hPa 

level a classic “S-shaped” pattern is seen in the isotherms with strong onshore flow north of 

the closed low center offshore of the Carolinas (Fig. 4.12d).  The surface cyclone has 

deepened 14 hPa to 991 hPa and is centered southeast of Wilmington, North Carolina, as it 

moves along the coastal front (Fig. 4.13).  Infrared satellite imagery shows a well-developed 

comma head over the Carolinas (Fig. 4.14), corresponding with the intense radar echoes seen 

in this same region (Fig 4.15). 

 The potent upper-tropospheric PV maximum has moved to a position along the 

Georgia coast, with a notable erosion of high PV air downstream over the mid-Atlantic, 

likely due to a diabatic reduction of PV above the level of maximum heating (Fig. 4.16a).  In 

the lower-troposphere, the diabatic heating associated with the precipitation shield is likely 

associated with an increase in the 900–700 hPa PV to more than 1.5 PVU, with a secondary 

1.25 PVU maximum farther offshore (Fig. 4.16b).  A maximum in the 950-hPa θ field is now 

evident along the coast of the Carolinas, consistent with the deepening of the surface cyclone 

(Fig. 4.16c).   

By 12 UTC 25 January the 250-hPa trough has nearly closed off over North Carolina 

and downstream ridging is seen as far north as New England (Fig. 4.17a).  The cyclone has 

become nearly vertically stacked from the mid- to lower-troposphere over eastern North 

Carolina, and the strongest upward vertical motion and warm advection are now seen over 

the mid-Atlantic and southern New England north of the low center (Fig. 4.17b,c,d).  The 

surface low has continued to deepen to 983 hPa, a 9 hPa pressure fall in the previous 12-h 

period (Fig. 4.18).  Satellite imagery shows that the coldest cloud tops have moved into the 

northeastern states, (Fig. 4.19), consistent with the expansion of radar echoes into this region, 
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while light to moderate precipitation persists across the eastern Carolinas and Virginia (Fig. 

4.20).  

By 12 UTC the upper-tropospheric PV maximum has become less well-defined, with 

a broad 4 PVU maximum extending from eastern North Carolina southward offshore (Fig. 

4.21a).  The lower-tropospheric PV maximum has intensified to more than 2.25 PVU over 

eastern North Carolina, while a significant warm tongue is evident in the 950-hPa θ field 

offshore of the Delmarva Peninsula (Fig. 4.21b,c). 

 In summary, this cyclone event was forced by a potent upper trough-jet system that 

moved into the Gulf coast states between 00 and 12 UTC 24 January.  Rapid cyclogenesis 

ensued as the surface cyclone moved from northern Florida to east of the Virginia Capes 

while deepening 22 hPa in the 24 h period ending at 12 UTC 25 January.  A large shield of 

incipient precipitation (IP) formed ahead of the upper trough over Alabama and Georgia by 

12 UTC 24 January with a concomitant increase in lower-tropospheric PV, likely due to the 

diabatic heating associated with the IP feature.  Heavy precipitation developed over the 

Carolinas and Virginia by 00 UTC 25 January in the comma head northwest of the deepening 

surface low center.  As the cyclone moved northward precipitation expanded north and east 

to New England by 12 UTC 25 January, while moderate precipitation persisted in vicinity of 

the upper-level low over the Carolinas.  All the major PV features expected in an intense 

extratropical cyclone are seen in this event: a potent PV maximum in the upper-troposphere; 

a strong diabatic PV maximum in the lower-troposphere; diminished values of PV aloft 

downstream of the trough axis; and a maximum in θ near the surface.   
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4.3. Synoptic evaluation of operational model forecasts 

 Forecasts from the 00 UTC 24 January 2000 cycle of the operational Eta (now the 

North American Mesoscale or NAM) and Aviation (AVN, now the Global Forecast System 

or GFS) models will be compared to the analyses at 12 UTC 24 January and 00 UTC 25 

January.  Only 12 h into the model forecast cycle the forecasted 500-hPa vorticity maximum 

in the base of the trough from both the Eta (Fig. 4.22b) and AVN models (Fig. 4.23b) is 

weaker than analyzed (Fig. 4.7b).  The area of upward vertical motion in the Eta (Fig. 4.22c) 

and AVN (Fig. 4.23c) forecasts over the Gulf coast states is confined to the Florida 

panhandle and extreme southern Georgia, well south of the maximum analyzed by the RUC 

model (Fig. 4.7c).  This vertical motion pattern is consistent with the failure of both models 

to produce the IP feature in the 6-h period ending at 12 UTC 24 January (Fig. 4.24a,c).  The 

IP feature was evident in radar imagery over Georgia and South Carolina at this time (Fig. 

4.10).  The forecasted cyclone in both models is too weak and too far south compared to 

manual analysis at this time (Fig. 4.8).   

 The 24-h forecast valid at 00 UTC 25 January from the Eta and AVN models show 

dramatically weaker features through the troposphere, with an open trough axis at the 250-

hPa level and a significantly weaker 500-hPa trough that remains open relative to the closed 

low seen in the analysis (Figs. 4.25, 4.26).  Mid- and lower-troposphere height forecasts are 

30–60 m too high in the model forecasts, with no upward vertical motion seen over the 

Carolinas at 700 hPa and reduced moist inflow off the Atlantic over the Carolinas at 850 hPa.  

These weaker features are consistent with a much weaker cyclone in the model forecasts (sea 

level pressures 7–11 hPa higher than the RUC analysis) tracking farther offshore, and the 
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failure to produce precipitation amounts greater than 5 mm beyond the immediate Carolina 

coast (Fig. 4.25b,d).   

 The Eta model’s forecast of 900–700 hPa PV through this model cycle shows a large 

error when compared to the RUC analyses, as would be expected given the lack of the IP 

feature in the Eta model forecast over Georgia and Alabama at 12 UTC 24 January.  The 12-

h forecast shows that the values of 900–700 hPa PV in this region are less than 0.75 PVU 

(Fig. 4.27a).  At later times the well-defined PV maximum seen in the RUC analyses at 00 

and 12 UTC 25 January (Figs. 4.16b, 4.21b) is much weaker and too far offshore in the Eta 

model’s 24-h and 36-h forecasts (Fig. 4.27b,c).   

 Overall, the Eta and AVN model runs initialized at 00 UTC 24 January 2000 failed to 

properly forecast the critical aspects of this cyclogenesis event.  Particularly notable is the 

absence the IP feature over the Gulf Coast states in the model forecasts valid at 12 UTC 24 

January, and the corresponding absence of a strong lower-tropospheric PV maximum at later 

times.  A more detailed examination of the evolution of the IP feature and an evaluation of 

the operational model forecasts of the IP will be presented in the next section.   
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5. EVOLUTION OF INCIPIENT PRECIPITATION AND OPERATIONAL MODEL 

EVALUATION 

 

5.1 Introduction 

Results from the previous section showed that the operational model forecasts 

initialized at 00 UTC 24 January failed to predict the formation of the IP feature and 

subsequently failed to properly deepen the cyclone and extend the heavy precipitation far 

enough inland along the Southeast coast.  Previous research on the impact of diabatic heating 

on cyclogenesis and moisture transport in the PV framework (sections 2.1, 2.2) suggests that 

the inability of the operational models to forecast the IP could have been detrimental to their 

forecast of the lower-tropospheric PV distribution and through this, the cyclone evolution 

and precipitation distribution.  Given the potential role the IP feature may have played in this 

event, it warrants further detailed investigation.  The sources of the forcing, instability, and 

moisture associated with the IP will be examined using available surface and upper-air 

observations and RUC model analyses. From these observations and analyses the synoptic 

and mesoscale forcing that generated the IP will be evaluated using datasets described in 

section 3.1 and diagnostic tools discussed in section 3.4.  Gravitational and slantwise stability 

will be diagnosed from observed soundings and the MSI diagnostics described in section 

2.4.2. 

Mosaic radar reflectivity imagery and data from available Weather Surveillance 

Radar-1988 Doppler (WSR-88D) sites in the region (Fig. 5.1) will be used to analyze the 

formation and evolution of the precipitation from a radar perspective, while imagery from the 

GOES-8 satellite will be used to show the evolution of the IP feature from a large-scale 
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perspective.  Finally, the short range operational forecast from the NCEP Eta model 

initialized at 00 UTC 24 January will be compared to the RUC analysis to investigate why 

the Eta model was unable to forecast the occurrence of the IP feature, even as it occurred 

within the relatively dense data network in the southeastern U.S.   

 

5.2 Observational analysis 

Hourly radar imagery from 00 UTC through 12 UTC 24 January 2000 shows that the 

IP feature formed over southern Mississippi around 03 UTC and quickly elongated in the 

southwest to northeast direction as it expanded in coverage and intensity into Alabama by 06 

UTC and Georgia and upstate South Carolina by 12 UTC (Fig. 5.2).  The intensity of the 

radar echoes and surface observations of thunder (Table 5.1) from numerous stations after 06 

UTC suggest that convection was embedded in the IP shield.    

At 03 UTC manual surface analysis shows a weak 1011-hPa surface low near New 

Orleans, Louisiana, along a front that extends from offshore of the Carolinas to southern 

Texas (Fig. 5.3).  Along and south of the front surface temperatures are at or above 15ºC, 

while north of the boundary temperatures are less than 5ºC in central and northern portions of 

Mississippi, Alabama, and Georgia.  This suggests that surface-based instability would be 

confined to regions along and south of the boundary; and this is confirmed by 00 UTC 

rawinsonde observations in the region.  The sounding closest to the front at Slidell, 

Louisiana, (LIX, see Fig. 5.1 for location of sounding stations) has 165 J kg-1 of CAPE1 and a 

lifted index of 0 indicating marginal surface-based gravitational instability near the front 

(Fig. 5.4a).  Farther north there is no evidence of surface-based gravitational instability with 
                                                 
1 Stability indices were computed in GEMPAK using mixed parcel characteristics over the lowest 500 m of the 
sounding with the virtual temperature correction applied 
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lifted index values of +11 at Jackson, Mississippi (JAN, Fig. 5.4b), +14 at Birmingham, 

Alabama (BMX, Fig. 5.4c), and +13 at Peachtree City, Georgia (FFC, Fig. 5.4d).  Winds in 

the lower-troposphere at JAN, BMX, and FFC are backing with height, implying geostrophic 

cold advection north of the front below the 850-hPa level.  Only at LIX is there a shallow 

layer of onshore flow near the surface; however the dewpoint depression is small below the 

frontal inversion at the three northern sounding locations.   

Satellite imagery at 03 UTC shows cold cloud tops over Louisiana and Mississippi 

ahead of the 300-hPa trough axis, with a banding structure seen in the cloud shield over 

southern Mississippi and Alabama oriented perpendicular to the 300-mb geostrophic wind 

(Fig. 5.5).  Radar mosaic imagery shows that a small area of precipitation has formed along 

the 850-hPa frontogenesis maximum in southern Mississippi where analyzed 700-hPa 

vertical velocities are between –3 and –6 µb s-1 (Fig 5.6a,b).  Synoptic scale forcing for 

ascent is indicated in this region by the convergence of 500-hPa Q-vectors along the 

Mississippi-Alabama border, resulting in QG upward vertical velocities exceeding –6 µb s-1 

at the 500-hPa level (Fig. 5.6c).  This, in combination with the 300-hPa divergence over 

southern Mississippi in the left-exit region of the jet streak over Texas are consistent with 

ascent through a deep layer in the cold air north of the surface front (Fig. 5.6d).   

A cross-section across western Mississippi through the large-scale baroclinic zone 

from 28.8ºN 89.7ºW to 35.2ºN 90.5ºW (see Fig. 5.6a for section) shows ascent and relative 

humidity exceeding 80% below the 800-hPa level over the region of frontogenesis (Fig. 

5.7a).  Elevated instability dominates the lower and mid-troposphere above the 850-hPa level 

in this cross section with gravitational conditional instability (CI) present in the southern half 

of the section where the saturated equivalent potential temperature (θe
*) decreases with height 
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over a deep layer (Fig. 5.7b).  Farther north θe
* is nearly constant with height, and here 

negative values of the saturated geostrophic PV (MPVg
*) indicate the presence of conditional 

symmetric instability (CSI).  The near-saturated conditions along and above the front suggest 

that air parcels will be able to realize this CI/CSI as they ascend moist adiabatically in the 

presence of the synoptic-scale forcing over the region.   

Reflectivity imagery from the 1.5° elevation angle scan of the Jackson, Mississippi 

(KJAN) WSR-88D is shown through the period of precipitation development from 0231 

UTC through 0400 UTC (Fig. 5.8).  At 0231 UTC precipitation echoes in the 13–23 dBZ 

range are ongoing along the Louisiana-Mississippi border, with scattered echoes also in east-

central Mississippi (Fig. 5.8a).  Through 0306 UTC, the western cells expand and consolidate 

into a line as they move into west-central Mississippi with peak reflectivity values now 

approaching 30 dBZ.  To the east, the coverage and intensity of the scattered cells has 

increased, especially along and east of 89°W (Fig. 5.8d).  This trend continues through 0400 

UTC (Fig. 5.8e-h) and by this time maximum reflectivity values are approaching 40 dBZ in 

several cells embedded within a larger area of 10 dBZ or greater echoes (Fig. 5.8h).  The line 

to the west has changed little as it has moved south and east during the period.  Precipitation 

was observed at 04 and 05 UTC at Meridian, Mississippi (MEI, station location shown by 

large dot in Fig. 5.8h), which reported light rain at both hours and 1.3 mm (0.04 in.) of 

precipitation during the six-hour period ending at 06 UTC.  Unfortunately, there are few 

surface observations sites in southeastern Mississippi, precluding a further analysis of 

observed precipitation during this period.   

Cross sections of reflectivity were taken along a line from 31.4°N 90.0°W to 32.2°N 

88.7°W across the cellular echoes in eastern Mississippi from 0318 UTC through 0400 UTC.  



 102

At 0318 UTC several individual reflectivity maxima are seen along the line.  The most 

intense reflectivity is found in a cell on the right side of the section centered near the 4-km 

level (Fig. 5.9a).  By 0331 UTC, the peak reflectivity has increased to 35 dBZ in two cells, 

and four cells contain reflectivity values exceeding 30 dBZ (Fig. 5.9b).  By 0400 UTC, cells 

on the left side of the section have intensified, exceeding 40 dBZ at 0348 UTC near 3 km 

(Fig. 5.9c,d).   

RUC analyzed soundings at JAN from 03 and 04 UTC (Fig. 5.10) show geostrophic 

cold advection in the lower-troposphere, indicated by the backing of the wind with height in 

this layer.  This cold advection is also seen in VAD wind profile data from the KJAN WSR-

88D through this period (Fig. 5.11).  During the period from 03 to 04 UTC significant 

moistening is seen in the layer from 800 to 600 hPa (Fig. 5.10a,b), especially when compared 

to the observed JAN sounding at 00 UTC (Fig. 5.4b).  By 04 UTC the lapse rate in the 700–

600-hPa layer is approximately moist-adiabatic, indicating that saturated air parcels would 

become positively buoyant in this layer (Fig. 5.10b).  The moistening in the mid-troposphere 

is consistent with the analyzed forcing for synoptic scale ascent in the mid- and upper-

troposphere over the region at this time (Fig. 5.6b,c).  The near moist-adiabatic lapses rate 

suggests that as the synoptic forcing lifts air parcels to saturation, they would become 

positively buoyant above the frontal inversion, consistent with the observed increase in 

precipitation coverage and intensity over Mississippi at this time.   

By 06 UTC cold cloud tops have expanded into Alabama, with convection observed 

offshore in the Gulf of Mexico (Fig. 5.11) as the surface cyclone has deepened to 1009 hPa 

and moved east to a position south-southeast of Mobile, Alabama (Fig. 5.12).  Moderate to 

heavy rain is reported across southern Alabama, with light rain observed as far eastward as 
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central Georgia north of the stationary front.  This is consistent with the increase in coverage 

and intensity of radar echoes from southern Mississippi to central Georgia along the band of 

strengthening 850-hPa frontogenesis (Fig. 5.13a).  Upward vertical velocities at the 700-hPa 

level have increased over Mississippi and Alabama as Q-vector convergence has 

strengthened across Mississippi and QG vertical velocities at the 500-hPa level are 

maximized in a band from Louisiana to southern Tennessee (Fig. 5.13b,c).  Upper-level 

divergence at the 300-hPa level continues from Louisiana to western Alabama in the left-exit 

region of the jet over Texas, while to the east over Georgia divergence is observed in the 

right-entrance of the jet streak situated along the East Coast  (Fig 5.13d).   

A cross-section from 29.4ºN 85.7ºW to 34.9ºN 87.6ºW (offshore of the Florida 

panhandle to northwestern Alabama, Fig. 5.13a) cuts through the precipitation over central 

Alabama and shows broad ascent over much of the section (Fig. 5.14a).  Saturated or near-

saturated conditions are allowing rising parcels to realize the CI indicated above the 850-hPa 

level in much of the section (Fig. 5.14b).  The area of CSI is confined to the northern portion 

of the cross section, while farther south over the frontal zone gravitational CI has become the 

dominant instability.   

At 09 UTC surface cyclogenesis is evident in the satellite imagery with the classic “S-

shaped” cloud shield extending from eastern Tennessee to the northern Gulf (Fig. 5.15).  The 

surface low has continued to deepen to 1007 hPa and moved eastward to the Florida 

Panhandle, with strengthening southerly flow ahead of the cyclone pushing the warm front 

north into southern Georgia as the trailing cold front moves into the northern Gulf (Fig. 

5.16).  Light and moderate rain with some reports of thunder are observed north of the front 

in southern Alabama and Georgia, as the radar echoes have consolidated into a broad band 
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from northern Georgia to the Florida Panhandle with a squall line extending into the northern 

Gulf (Fig. 5.17a).  The strengthening 850-hPa frontogenesis is coincident with the 700-hPa 

vertical motion maximum and the region of heavy precipitation (Fig. 5.17a,b).  The strongest 

500-hPa Q-vector forcing and QG upward vertical motion is collocated with the 700-hPa 

upward motion from the northern Gulf to Alabama (Fig. 5.17c) with a large area of 300-hPa 

divergence from southeast Louisiana to Georgia (Fig. 5.17d) consistent with an almost 

continuous area of upper-level forcing for ascent over the southeastern U.S., which 

corresponds well with the increased coverage of precipitation.   

A cross section at 09 UTC from 29.4ºN 84.1ºW 34.8ºN 85.9ºW (from offshore of the 

Florida panhandle to northeastern Alabama, Fig. 5.17a) cuts through the developing 

precipitation shield in the vicinity of the Alabama-Georgia border.  Strong ascent is ongoing 

over the central portion of the section above the strengthening region of frontogenesis that 

extends into the mid-troposphere over northern Alabama (Fig. 5.18a).  Conditional instability 

is seen to the south while near-neutral stability dominates the northern area of the section 

above the 900-hPa level (Fig. 5.18b).  The instability is consistent with the convective nature 

of the radar echoes and the increasing number of surface observations of thunder across the 

region beginning at this time (Table 5.1).   

By 12 UTC, radar imagery shows that precipitation stretches from the northern Gulf 

and the Florida Panhandle across much of Georgia and into western South Carolina (Fig. 5.2 

panel 1).  Surface analysis at this time shows that the cyclone has deepened to 1005 hPa and 

is centered along the Georgia-Florida border, with the cold front extending southwest into the 

northeastern Gulf and a well-defined warm/coastal front extending northeast of the low 

center along the coast of the Carolinas (Fig. 5.19).  The heavy precipitation continues despite 
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strong lower-tropospheric cold advection seen northwest of the low center, and this cold 

advection is clearly evident in the VAD wind profile from the KFFC WSR-88D during the 

hour ending at 0913 UTC, where pronounced backing of the wind with height is observed in 

a deep layer from 2,000–15,000 ft. (~600–4,500 m) (Fig. 5.20a).   This backing continued for 

several more hours (not shown), and despite this QG forcing for descent in the lower 

troposphere, moderate rain was observed at FFC in the 09 UTC surface observation.  

Therefore, forcing for ascent in the mid- and upper-troposphere must have been the primary 

lifting mechanism particularly to support the expansive precipitation shield seen by 12 UTC.  

This is confirmed by the 500-hPa level Q-vector field where three areas of Q-vector 

convergence are seen ahead of the 500-hPa trough, each associated with a maximum in QG 

upward vertical velocity (Fig. 5.21).  Farther east inland of the coastal front, lower-

tropospheric warm advection is contributing to the forcing for ascent over South Carolina, 

seen in the veering of the wind direction with height in the VAD wind profile at KCAE in the 

1,000–8,000-ft. (~300–2,400 m) layer during the hour ending as 1221 UTC (Fig. 5.20b).  

These results suggest that forcing for the western portion of the precipitation shield is being 

provided by strong mid- and upper-tropospheric forcing despite low-level cold advection 

contribution to forcing for descent across much of Georgia.  Farther northeast, warm 

advection in the lower-troposphere is contributing to forcing for ascent downstream of from 

the upper trough in South Carolina. 

In the 6-h period ending at 12 UTC, the heaviest precipitation fell from the Florida 

Panhandle through southern Alabama and central Georgia (Fig. 5.22).  During this period 12 

stations reported over 10 mm of precipitation and three stations reported 25 mm (~1 in.) or 

more.  The impact of the latent heat generated by this precipitation feature can be seen in the 



 106

development of downstream ridging in the 300-hPa height field in the vicinity of the coldest 

cloud tops over Georgia and the Carolinas by 12 UTC (Fig. 5.23).   

 

5.3 Evaluation of operational model forecasts 

The operational run of the NCEP Eta model from 00 UTC January 24 performed 

poorly with its predictions of the IP that developed between 03 and 12 UTC from Mississippi 

to Georgia.  While the model reasonably forecasted the precipitation over the Florida 

peninsula and panhandle, it predicted less than 5 mm of precipitation over central Alabama 

and Georgia where 10–30 mm of precipitation was observed (Fig 5.22). 

The same fields diagnosing the forcing for ascent, moisture availability, and 

instability associated with the IP from the 6-h forecast from the Eta model will be compared 

to the RUC analysis at 06 UTC.  The 850-hPa frontogenesis in the Eta forecast is much 

weaker over Mississippi and Alabama with only a small area exceeding 0.5ºC 100 km-1 3 h-1 

(Fig. 5.24a), a factor of four smaller than the maximum frontogenesis analyzed by the RUC 

model (Fig. 5.14a). A further examination indicated that both the mid-level convergence and 

thermal gradient in the Eta model was weaker in this region relative to the RUC analysis (not 

shown).  The Eta forecasted 700-hPa upward vertical velocity is weaker and suppressed 

farther south relative to the RUC analysis, with maximum values located offshore over the 

Gulf (Fig 5.24b).  This weaker vertical velocity is consistent with the Eta model forecast of 

weaker 500-hPa Q-vector convergence and QG upward vertical velocity over the 

Mississippi-Alabama border area and a weaker upper-level divergence maximum farther 

south (Fig. 5.24c,d).  Overall, the Eta model forecast for ascent was too weak in both the 
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upper and lower troposphere, and is consistent with the lack of precipitation forecast by the 

model in this region.   

To examine the Eta model forecast of stability over the region of initial precipitation 

formation the same cross section at 06 UTC (Fig. 5.25) was compared to the RUC analysis 

(Fig. 5.15).  Consistent with the plan-view diagnostics presented above, the vertical motion 

seen over the frontal inversion in the Eta forecast is much weaker, along with magnitude and 

depth of the frontogenesis itself (Fig. 5.25a).  The extent of CI in the Eta forecast is also 

reduced as the warm tongue in the θe
* field is weaker, leading to less negative values of 

MPVg
* and a general decrease in the magnitude of instability above the frontal inversion 

(Fig. 5.25b).  The combination of weaker vertical motion and lack of saturated conditions 

above the frontal inversion makes it less likely that the already diminished CI/CSI would be 

realized, as air parcels would be less likely to ascend to their level of free convection.  

Overall these findings are consistent with the lack of precipitation formation over Alabama 

and Georgia in the Eta forecast.  The lack of IP in the Eta forecast was associated with a large 

error in the forecasted 900–700-hPa PV field, as the latent heating associated with the IP was 

largely unaccounted for in the Eta forecast.   

To further elucidate the differences between the Eta 6-h forecast and the analyzed 

conditions at that time, difference fields for several parameters were computed from the Eta 

model forecast and RUC model analysis (Eta–RUC) on the WMO 211 grid.  The Eta 

forecasted frontogenesis at the 850-hPa level is too weak in a broad band from southeast 

Texas to the Carolinas, with the largest difference in southern Mississippi and Alabama 

where the forecasted frontogenesis is more than 0.6ºC 100 km-1 3 h-1 weaker than analyzed 

(Fig. 5.26a).  The Eta model’s forecasted 700-hPa upward vertical velocity is 1–2 µb s-1 



 108

weaker than analyzed over much of Mississippi and Alabama, while the Eta has stronger 

upward motion forecasted over the northeastern Gulf, consistent with its forecasted 

precipitation in this region (Fig. 5.26b).  Large differences are seen in the 700-hPa relative 

humidity, where RUC analyzed values are more than 30% higher than forecasted by the Eta 

model over southern Mississippi (Fig. 5.26c).  Finally, the RUC analysis indicates lower 

stability in the 800–600-hPa layer over northern Mississippi, Alabama, and Georgia, where 

values of MPVg
* are 0.2–0.4 PVU lower than forecasted by the Eta model (Fig. 5.26d).   

This quantitative comparison confirms that the Eta model’s forecast of lower-

tropospheric convergence, forcing for ascent, moisture, and instability were all too weak 

when compared to the RUC analysis at 06 UTC.  These findings are consistent with the 

inability of the Eta model to generate the IP feature that occurred over this region; however 

they fails to pinpoint any one major factor that was responsible for the Eta model’s failure to 

forecast the IP, since any one of these factors could be sufficient to prevent the formation of 

the IP in this region in the Eta model, and the fundamental nature of these errors remain 

unidentified. 

 

5.4 Discussion 

Observations and RUC model analyses indicate that the IP developed in a region 

characterized by strong synoptic-scale and mesoscale forcing for ascent, provided by an 

upper trough-jet streak and lower-tropospheric frontogenesis.  North of the surface front the 

surface airmass was very stable, however significant CI and CSI were indicated above the 

frontal inversion in the region where the IP formed and grew through the period from 03 to 

09 UTC.  The presence of a mixture elevated gravitational and slantwise instability suggests 
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that once rising air parcels became saturated, they were able to become positively buoyant, 

resulting in the development of elevated convection, consistent with the numerous reports of 

thunder at surface observing sites in the region and the increase in coverage and intensity of 

cellular radar echoes.   

 Short-range forecasts from the operational Eta model initialized at 00 UTC 24 Jan. 

were deficient in the degree of forcing for ascent, instability, and moisture in this region 

compared to the RUC model analysis.  The absence of any one of the above ingredients 

would be enough to prevent the formation of precipitation in the Eta model forecast; 

however, given that the IP formed within the observational data network over the U.S., it is 

surprising that the Eta model failed to capture the IP feature.  In addition to problems with 

the ingredients necessary for precipitation that could be related to model initial conditions, 

the ability of the Eta model to generate elevated gravitational or slantwise convection is 

questionable.  At the time of this event the Betts-Miller-Janjić CP scheme used in the Eta 

model only examined the lowest 130 hPa of the atmosphere for instability; therefore it would 

not generate convection even if instability were located above this level.  Additionally, the 

Eta model was run with a horizontal grid-spacing of 32 km at this time, which is well below 

the threshold of 6–15 km that Persson and Warner (1993) found was necessary to properly 

resolve slantwise convection on the grid scale.   

 These factors will be investigated in later sections as sensitivity tests are performed to 

examine the ability of a mesoscale model generate the IP feature and the subsequent cyclone 

evolution and precipitation distribution by varying initial conditions, model physics, and grid 

spacing.  First however, the impact of the IP feature on the PV distribution and the cyclone 
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evolution and moisture transport later in the event will be quantified using a PV budget and 

piecewise PV inversion. 
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Time 

(UTC)  
Station 2-m Temp 

(ºC) 

06 Mobile, AL (MOB) 9 

 Fort Benning, GA (LSF) 5 

07 Montgomery, AL (MGM) 5 

 MOB 8 

08 Columbus, GA (CSG) 4 

09 CSG 4 

 LSF 4 

10 Dothan, AL (DHN) 6 

 Carins/Ozark, AL (OZR) 5 

 LSF 4 

 Warner Robins AFB, GA (WRB) 2 

11 DHN 5 

 LSF 4 

 Macon, GA (MCN) 3 

 WRB 2 

12 MCN 3 

 
Table 5.1.  List of stations in Alabama and Georgia reporting thunder from 06 UTC to 12 UTC 24 January 2000 

with observed 2-m temperature in ºC.   
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6. EVOLUTION AND IMPACT OF DIABATICALLY GENERATED PV 

MAXIMUM 

 

6.1 Overview 

 As seen in previous sections, satellite and radar imagery show the formation of a 

large area of incipient precipitation (IP) prior to the rapid cyclogenesis associated with the 

24–25 January 2000 snowstorm.  The IP expands into a large precipitation shield over 

Alabama and Georgia by 12 UTC 24 January 2000.  Since PV is not conserved in the 

presence of diabatic processes, such as latent heat release; PV non-conservation is expected 

in the vicinity of the IP.  A significant increase in lower-tropospheric PV is seen in an 

overlay of radar imagery and analyses of 900–700-hPa PV from the RUC model (Fig. 6.1).  

A closed 0.5 PVU maximum is seen in the RUC analysis at 09 UTC in the vicinity of over 

Alabama and Georgia (Fig 6.1b).  By 12 UTC the PV maximum has increased to 0.75 PVU 

over western Georgia (Fig. 6.1c) and to 1.25 PVU by 18 UTC over central Georgia in the 

wake of the precipitation that has shifted into the Carolinas (Fig. 6.l d).  To quantify the 

impact of the latent heating on the development and evolution of this PV maximum a PV 

budget was calculated using output from a MM5 simulation of this event.  Additionally, to 

quantify the impact of the diabatically-generated PV maximum on the cyclone evolution and 

moisture transport, piecewise PV inversion was performed. 

The MM5 simulation used for the calculation of these diagnostics was initialized at 

09 UTC 24 January 2000 from the RUC model analysis.  The model simulation was run for 

39 hours through 00 UTC 26 January using 3-hourly RUC analyses as lateral boundary 

conditions.  The model was run with 37 vertical sigma levels and the horizontal domain had a 
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grid spacing of 36 km and covered much of the eastern United States and adjacent coastal 

waters (Fig. 6.2).  This initial time of 09 UTC was chosen because by that time the IP had 

already formed over Alabama and Georgia, allowing the initial conditions to better capture 

the environment that generated the IP, which should allow the model to generate a realistic IP 

feature.  This simulation utilized the Reisner four-class mixed-phase microphysics scheme 

(Reisner et al. 1998); the Grell cumulus parameterization (CP) scheme (Grell et al. 1994; 

section 3.2.2); the Blackadar PBL scheme (Zhang and Anthes 1982; section 3.2.3); and the 

Dudhia cloud radiation scheme (Dudhia 1989).  Climatological snow-cover data were used.  

The lower boundary condition over water grid points in the simulation was provided by a 

sea-surface temperature (SST) analysis with 14-km grid spacing generated every 48 h over 

North America and adjacent waters, and this analysis projected onto the MM5 grid is shown 

in Figure 6.3.  In this analysis the SST is defined as the sea-surface temperature tuned to in 

situ data at 1-m depth. Additionally, the MM5 model was modified to directly output the 

temperature tendency from the various physics schemes at each output time.  The 

temperature tendency from the grid-scale microphysics and CP scheme will be used in the 

PV budget computations described in section 6.2.1. 

Before using this MM5 model simulation for computing PV diagnostics, it is 

important to show that it produced a reasonably accurate simulation of the cyclone event.  

Overall, the simulation results agree closely with the large-scale evolution of this event 

presented in section 4.  In the simulation, the cyclone was seen over northern Florida with a 

central pressure of 1004 hPa at the 3-h forecast time (valid 12 UTC 24 January) with a large 

area of precipitation indicated in the simulated radar reflectivity field over eastern Alabama 

and Georgia (Fig. 6.4a).  By 00 UTC 25 January (forecast hour 15) the cyclone is located 
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southeast of Wilmington, North Carolina, with a central pressure of 992 hPa, and a broad 

shield of precipitation is seen from Georgia to the Delmarva Peninsula (Fig. 6.4b).  Finally, 

at 12 UTC 25 January (forecast hour 27) the cyclone has continued to deepen to 984 hPa as it 

moves to a position east of the Virginia coast, with the precipitation shield expanding into the 

mid-Atlantic and southern New England (Fig. 6.4c).  The total liquid-equivalent precipitation 

from the simulation shows a broad maximum of 25−50 mm from eastern South Carolina to 

southeastern Virginia, with a sharp gradient on the western edge of the precipitation shield 

(Fig. 6.4d).  The pattern and maximum amounts are similar to those seen in observations 

(Fig. 4.1a) although amounts in the simulation tapered off too quickly from central Virginia 

to western South Carolina.  Overall, the result of the simulation compares quite favorably to 

the observational analysis of the event, justifying the use of this MM5 simulation for the 

computation of PV diagnostics below. 

 

6.2 Results of PV budget  

A PV budget (section 3.4.5) was calculated on output at three-hourly intervals from 

the MM5 simulation described above.  Through the first 12 hours of the simulation, the 

development and intensification of a 900–700-hPa PV maximum corresponds closely to the 

model latent heating at the 700-hPa level associated with the IP as it moves from western 

Georgia to the coastal Carolinas (Fig. 6.5).  The primary PV maximum is co-located with this 

heating and intensifies from 1.25 PVU to more than 1.5 PVU by 18 UTC (Fig. 6.5a,b,c) 

while PV maxima offshore develop in the vicinity of strong latent heating generated by 

activity from the Grell CP scheme (Fig. 6.5c,d).   
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 At forecast hour 3 (12 UTC 24 January), latent heating from the model precipitation 

schemes exceeds 180 × 10-5 K s-1 (approximately 180 K day-1) at the 700-hPa level in central 

Georgia near the developing 900–700 hPa PV maximum (Fig. 6.6a).  The horizontal 

advection of PV at the bottom at the 900-hPa level is positive (negative) downstream 

(upstream) of the southern edge of the PV maximum, as would be expected in a generally 

westerly flow regime (Fig. 6.6b).  The vertical PV advection shows a similar structure, with 

positive (negative) advection on the eastern (western) edge of the PV maximum (Fig. 6.6c).  

The non-advective PV tendency is positive over the PV maximum itself (Fig. 6.6d) with 

magnitudes more than double those from the horizontal or vertical advection terms, 

suggesting that non-advective processes were driving the growth of PV in this layer, as 

would be expected in a region of increasing PV in association with latent heating.  A cross-

section taken through the region of latent heating over Georgia from 32ºN 82.7ºW to 33.4ºN 

85ºW shows that heating is maximized near the 600-hPa level and the absolute vorticity 

vectors are oriented upward and toward the west through most of the section (Fig. 6.7a).  

According to theory (section 2.2.1), PV growth will occur in the opposite direction of the 

vorticity vectors, or below and to the right of the heating maximum in this case.  This is 

confirmed by positive non-advective PV tendencies exceeding 35 PVU day-1 and 

convergence of non-advective PV flux vectors in the 925–700-hPa layer where PV values 

already exceed 1 PVU (Fig. 6.7b).   

 By 15 UTC 24 January (forecast hour 6), coverage of the latent heating at the 700-

hPa level has increased and the magnitude has increased to near 300 × 10-5 K s-1 from 

northern Florida to central South Carolina (Fig. 6.8a).  The maximum PV values now exceed 

1.5 PVU, with the 900-hPa horizontal PV advection negative across most of the domain 
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except for a thin ribbon of positive values immediately downstream of the PV maximum 

(Fig. 6.8b).  The 900-hPa vertical PV advection is largely negative (positive) upstream 

(downstream) from the PV maximum itself (Fig. 6.8c) while the positive non-advective PV 

tendency at the 900-hPa level exceeds 75 PVU day-1 along the southeastern flank of the PV 

maximum (Fig. 6.8c,d).  A cross-section from 32.5°N 86°W to 30.5°N 79°W (from eastern 

Alabama to offshore of Georgia) shows that the level of maximum heating has lowered to 

between 700 and 800 hPa (Fig. 6.9a).  The PV maximum is most intense below the level of 

maximum heating near the 900-hPa level where the non-advective PV flux vectors are 

strongly convergent and non-advective PV growth rates approach 100 PVU day-1 (Fig. 6.9b).   

 By 18 UTC 24 January (forecast hour 9) the large area of latent heating has moved 

northeast into South Carolina while additional maxima of convective latent heating are seen 

offshore (Fig. 6.10a).  The PV maximum associated with the latent heat release over land has 

moved northeastward to the Georgia-South Carolina border and intensified to 1.5 PVU, while 

another smaller 1.5 PVU maximum has developed with the convective heating offshore (Fig. 

6.10a).  Horizontal PV advection at the 900-hPa level remains mostly negative, while the 

900-hPa vertical PV advection shows a strong positive tendency along the coast of the 

Carolinas with a negative tendency from eastern Georgia to south-central North Carolina 

(Fig. 6.10b,c).  Non-advective PV tendencies are negative along the immediate coast of the 

Carolinas, and strongly positive inland, opposite in sign to the vertical advection (Fig. 

6.10c,d).   

A cross-section taken at this time bisects the heating maximum over the Carolinas 

and a convective heating maximum offshore from 34°N 81.8°W to 31.7°N 76.6°W.  The 

structure of the heating maxima are quite different, with a broad heating maximum over land 
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where maximum heating values are 140 × 10-5 K s-1 near the 650-hPa level (Fig. 6.11a).  The 

offshore heating maximum is more compact, with the maximum heating rate of 420 × 10-5 K 

s-1 near the 600-hPa level, however, this heating is occurring in a region where the magnitude 

of the absolute vorticity vectors is smaller relative to those in the vicinity of the weaker 

heating rate over land.  Since the magnitude of the non-advective PV growth is determined 

by the product of the heating rate and the magnitude of the absolute vorticity; the larger PV 

growth occurs in the more stable precipitation region where the absolute vorticity is largest 

(Fig. 6.11a,b).  Farther offshore, the PV flux vectors are weaker and less convergent; 

however a developing PV maximum is seen in the 800–700-hPa layer.  Negative values of 

PV are also seen offshore above the level of maximum heating, indicating diabatic PV 

reduction in this area.    

At 21 UTC the strongest latent heating has shifted offshore north of the developing 

cyclone center with multiple heating maxima visible offshore and a smaller band of latent 

heating in the developing comma head over the eastern Carolinas (Fig. 6.12a), roughly 

consistent with radar imagery at this time (not shown).  The large PV maximum along the 

coast has decreased in magnitude, but not in size.  Offshore, several PV maxima are seen, 

with magnitudes exceeding 2 PVU.  Horizontal and vertical PV advection values at the 900-

hPa level have increased, especially offshore, likely due to an increase in the lower-

tropospheric wind speed and vertical velocity north of the developing cyclone (Fig. 6.12b,c).  

The non-advective PV tendency is positive over northeastern South Carolina and near the 

offshore PV maxima (Fig. 6.12d).  At this time the vertical advection (Fig. 6.12c) and non-

advective tendency (Fig. 6.12d) are of opposite sign, suggesting that the PV maximum is 

near steady-state intensity, being maintained by a near balance of the positive non-advective 
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PV flux and negative vertical advection below the level of maximum PV.  This balance is 

seen in Fig. 6.13, which shows positive non-advective PV tendency through a deep layer of 

the mid- and lower-troposphere (Fig. 6.13a) that is being balanced by strong negative vertical 

advection below the level of maximum PV (near the 900-hPa level, Fig. 6.13b) where 

upward motion is advecting lower values of PV to counteract the diabatic generation due to 

latent heating aloft.   The development of this balance between vertical advection and non-

advective tendency below the level of the PV maximum is consistent with the results of 

Persson (1995) and Lackmann (2002). 

A cross section taken from 34.5°N 80.9°W to 31.3°N 77.2°W (across South Carolina 

and offshore) shows that the PV maximum associated with the intense heating rates offshore 

has intensified through the entire lower- and mid-troposphere.  The highest PV values are 

seen straddling the 850-hPa level; as this feature has merged with the shallower, but larger 

PV maximum over land (Fig. 6.14a).  Strong latent heating continues to dominate the section, 

with the level of maximum heating near the 600-hPa level.  The non-advective PV growth is 

approaching 200 PVU day-1 near the 900-hPa level (Fig. 6.14b).   

The results of the PV budget calculations confirm that the lower-tropospheric PV 

maximum that developed on January 24 over Georgia and moved to the coast of South 

Carolina was a result of latent heat release associated with the IP feature.  Latent heating was 

centered in the mid-troposphere, and consistent with the theory of diabatic PV redistribution, 

the strongest PV growth was seen below the level of maximum heating in the opposite sense 

of the absolute vorticity vectors.  The non-advective PV growth rates were sufficiently large 

to explain in the PV increase observed in the lower-troposphere, providing further 

quantitative evidence that the PV maximum was indeed diabatically generated. 
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The diabatic PV maximum grew quickly, with maximum PV values centered near the 

925-hPa level increasing from 1 PVU at 12 UTC (Fig. 6.7) to more than 3.5 PVU by 18 UTC 

(Fig. 6.11).  Latent heating generated by CP scheme activity offshore generated additional 

PV maxima, which were small in scale but quickly intensified and extended through much of 

the lower- and mid-troposphere.  However, through much of the period, the non-advective 

PV growth was largest in the more stable air over land where the latent heating occurred in 

the vicinity of larger values of absolute vorticity.  To quantify the impact of the diabatically-

generated PV maxima on the cyclone evolution and moisture transport, results from an 

Ertel’s piecewise PV inversion will be presented in the next section.  

 

6.3 Results of piecewise PV inversion 

Using the methodology described in section 3.4.6, piecewise PV inversion was 

performed on output from the MM5 simulation discussed in section 6.1.  To compute mean-

state values of PV, θ, Φ, and ψ for the inversion, pressure-level output was averaged daily 

from a 14-day MM5 simulation run from 17–31 January 2000.  Initial and lateral boundary 

conditions for this background simulation were supplied from the 2.5° NCEP reanalysis 

(section 3.1).  The domain and other physics parameters for this background simulation were 

identical to those described in section 6.1.  Perturbation values of PV, θ, Φ, and ψ were 

obtained by subtracting the 14-day mean state from the instantaneous values from the 

original MM5 simulation at the time of inversion.  The average 875–825-hPa PV field from 

the 14-day simulation shows a broad PV maximum of 0.6–0.8 PVU in the Ohio Valley, with 

smaller areas of 0.6–0.8 PVU along the Atlantic Coast (Fig. 6.15).   
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 To quantify the impact of the lower-tropospheric PV maximum, all cyclonic 

perturbation PV from 950 to 600 hPa was inverted.  Since the inversion of the cyclonic 

perturbation results in only negative perturbation values of Φ and ψ, lateral boundary values 

of Φ and ψ were retained if they were negative and set to zero if they were positive to ensure 

isolation of the impact of the cyclonic anomalies in the inversion process.   

First the impact of the diabatic PV anomaly on the 850-hPa balanced flow and 

geopotential height will be examined.  At 15 UTC 24 January, as the cyclone is beginning to 

organize over northern Florida, the cyclonic PV anomaly in the 875–825-hPa layer is located 

over southeastern Georgia with a magnitude of 2.0–2.5 PVU (Fig. 6.16a).  The balanced flow 

at the 850-hPa level from the piecewise inversion is contributing 20–25 kt of southeasterly 

flow from Georgia to the Carolinas at this time and the resultant 850-hPa height field from 

the inversion shows a –100 m minimum over eastern Georgia over the PV anomaly.  By 18 

UTC, the PV anomaly has moved northeastward to eastern Georgia and southern South 

Carolina, with the development of a smaller cyclonic anomaly offshore (Fig. 6.16b).  The 

geopotential height minimum associated with the PV anomaly now exceeds –120 m, while 

the southeasterly balanced flow has increased to 25–30 kt at the 850-hPa level over the 

eastern Carolinas.  At 21 UTC the elongated PV anomaly over land has moved little, while 

smaller anomalies offshore of 2.5–3.0 PVU are associated with a –160 m 850-hPa height 

minimum (Fig. 6.16c).  The southeasterly 850-hPa balanced flow has increased over North 

Carolina and Virginia, reaching a magnitude of 30 kt near the coast and 15–20 kt well inland.  

The 850-hPa height minimum and PV anomaly move slightly north by 00 UTC 25 January, 

as the balanced flow at the 850-hPa level has become more easterly over North Carolina, 

while remaining southeasterly over Virginia (Fig. 6.16d).  Through the period from 15 UTC 
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24 January through 00 UTC 25 January a long duration of onshore balanced southeasterly 

flow in the lower-troposphere is clearly associated with the lower-tropospheric cyclonic PV 

anomaly.  The negative height perturbation and onshore component of the balanced flow 

associated with the diabatic PV maximum are also consistent with the surface cyclone 

tracking near the coast in the model simulation and a strong influx of moisture into the region 

of heavy precipitation. 

The impact of the lower-tropospheric balanced flow associated with the diabatic PV 

anomaly on moisture transport is quantified by computing the piecewise kinematic moisture 

flux after Lackmann and Gyakum (1999) by multiplying the mixing ratio by the balanced 

flow from PV inversion at the 750-hPa level  At 15 UTC 24 January the piecewise moisture 

flux vectors at the 750-hPa level show a strong onshore component north of the PV anomaly 

from eastern Georgia to North Carolina, with the magnitude of the moisture flux exceeding 

30 g kg-1 m s-1 over the central Carolinas (Fig. 6.17a).  By 18 UTC the onshore flow has 

intensified as the PV maximum moves toward the coast and moisture flux values have 

increased to 50–75 g kg-1 m s-1 over central and eastern North Carolina (Fig. 6.17b).  At 21 

UTC the moisture flux vectors have a more easterly component in the cyclonic flow north of 

the strengthening PV anomaly, with strong convergence of the moisture flux vectors over 

central North Carolina at this time, consistent with heavy precipitation in this region (Fig. 

6.17c).  As the PV anomaly moves northeastward by 00 UTC 25 January the moisture flux 

convergence continues across the central Carolinas and southeastern Virginia.  A cross-

section from 37°N 81.5°W to 32°N 76°W at 21 UTC shows that the piecewise moisture flux 

extends well inland through a deep layer from 950 hPa to 600 hPa (Fig. 6.18).   
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The total 750-hPa moisture flux, computed by multiplying the mixing ratio by the 

total wind at 21 UTC shows an onshore component to the flux vectors along the coast of the 

Carolinas with a more northeastward component to the flux over inland areas (Fig. 6.19).  In 

portions of the Carolinas, the magnitude of the piecewise moisture flux at the 750-hPa level 

is greater than or equal to the total moisture flux, suggesting that the flow associated with the 

lower-tropospheric PV maximum was the major contributor to the onshore moisture flux into 

the region.  In areas where the piecewise moisture flux exceeds the total moisture flux, the 

balanced flow associated with other portions of the PV distribution is acting to cancel out the 

strong onshore component from the inversion of the cyclonic PV anomaly in the 950–600-

hPa layer (not shown). 

To examine the impact of the diabatic PV anomaly on the evolution of the upper-

tropospheric PV maximum, the balanced flow at the 300-hPa level from the PV inversion is 

displayed with the total PV in the 200–400-hPa layer.  At 15 UTC, the 300-hPa balanced 

flow associated with the diabatic PV maximum is less than 5 kt across much of the domain 

(Fig. 6.20a).  However, the weak westerly component to the flow over much of the domain is 

acting to advect the upper-tropospheric PV maximum eastward at this time.  By 18 UTC, the 

balanced flow has increased to between 5 and 10 kt across Florida and the Atlantic coastal 

waters east of Georgia, continuing to advect high PV values eastward toward the coast (Fig. 

6.20b).   The cyclonic balanced flow remains less than 10 kt across the domain at 21 UTC 24 

January and 00 UTC 25 January, with a westerly and southerly component of the balanced 

flow advecting high PV values eastward and northward by 00 UTC toward coastal North and 

South Carolina (Fig. 6.20c,d).  Additionally, the southerly and easterly component of the 

balanced flow over eastern North Carolina and Virginia is transporting lower PV values (< 1 
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PVU) onshore, consistent with the amplification of the upper-level trough-ridge system and 

due to the building of the downstream ridge in this region.   

Given the close proximity of the diabatic PV maximum to the surface, its impact on 

the evolution of lower-tropospheric θ should be more apparent.  The distribution of θ on the 

950-hPa level at 15 UTC shows a strong baroclinic zone along the southeast coast, with 

balanced flow over the Atlantic (northern Gulf of Mexico) from the south (northwest), 

contributing to warm (cold) θ advection; acting to intensify the baroclinity in this region (Fig. 

6.21a).  Additionally, the warm advection over the western Atlantic is increasing the 

magnitude of the 950-hPa θ maximum in this region.  Values of θ  have increased 

considerably by 18 UTC along the coast from Georgia to North Carolina, as warm advection 

continues due to the balanced flow.  This increase in θ is indicated by the northwestward 

movement of the 294 K contour during this period (Fig. 6.21b).  By 21 UTC, the warmest 

950-hPa θ values are seen east of the cyclonic circulation offshore of South Carolina, with 

the 294 K contour continuing to advance northwestward on the 40–45 kt southeasterly 

balanced flow (Fig. 6.21c).  The 950-hPa balanced flow exceeds 50 kt by 00 UTC 25 January 

and a distinct maximum in θ values is seen southeast of Wilmington in the vicinity of the 

surface low (Fig. 6.21d).  During this period, the southerly and easterly balanced flow 

associated with the diabatic PV anomaly transported higher values of 950-hPa θ northward 

and westward toward the southeast coast, strengthening the lower-boundary positive θ 

anomaly and increasing the low-level baroclinity; both of which indirectly contribute to the 

intensification of the surface cyclone. 
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Given the strong warm advection seen in the lower troposphere in Fig. 6.21 due to the 

balanced flow associated with the diabatic PV maximum, it seems likely that this feature was 

contributing to QG forcing for ascent in the vicinity of the Carolinas.  To quantify this 

impact, piecewise Q-vectors were computed from the balanced flow output from the PV 

inversion (see section 3.4.1 for a discussion of Q vectors).  The 850-hPa piecewise Q-vectors 

21 UTC are convergent over the coastal Carolinas, as the balanced flow from the diabatic PV 

anomaly is causing warm advection in this area (Fig. 6.22).  This finding is consistent with 

Q-vector convergence and forcing for QG ascent over the Carolinas and Virginia, where 

strong ascent was occurring in the region of heavy precipitation. 

 

6.4 Summary 

From the results of the PV budget and piecewise PV inversion presented in this 

section, it is clear that the IP initially generated a diabatic PV maximum that contributed to 

the evolution of this cyclone event and its associated precipitation by: 

(i) enhancing lower-tropospheric moisture flux into the region of heavy 

precipitation 

(ii) amplifying the lower-tropospheric θ maximum and increasing lower-

tropospheric baroclinity along the southeast coast 

(iii) generating forcing for ascent in the lower-troposphere in the region of heavy 

precipitation 

(iv) weakly advecting the upper-tropospheric PV maximum eastward toward the 

developing surface cyclone  
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From the above, it can be concluded that the diabatic PV maximum was a major factor in the 

heavy precipitation over the Carolinas and Virginia in this event, both through enhancing the 

transport of moisture into the region as well as generating forcing for ascent.  Additionally, 

the associated geopotential perturbation and balanced flow associated with the PV anomaly 

resulted in a stronger surface cyclone that tracked closer to the southeast coast of the U.S.  

Clearly, both the IP feature and the associated PV maximum were absent in operational 

model forecasts of this event (section 5.3); and the forecast from these models were too weak 

with the onshore moisture transport and generated a much weaker cyclone that tracker farther 

offshore.  The errors in the operational model forecasts are entirely consistent with the 

impact of the IP and its PV maximum discussed above, and these errors are likely due to the 

inability of the operational models to generate the IP that was the origin of this PV 

maximum.  Given that the IP was the critical feature to the successful forecasting of this 

event, the ability of a numerical model to properly generate the IP will be addressed in 

subsequent sections. 
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7. ENSEMBLE MODEL EXPERIMENTS 

 

7.1 Introduction 

To test the sensitivity of the representation of the IP feature and the subsequent 

cyclone evolution to model physics options and initial condition, an 18-member mixed 

initial-condition and physics ensemble was constructed from WRF model simulations 

initialized at 00 UTC 24 January 2000.  Three different initial condition datasets were 

utilized to initialize WRF; the RUC, EDAS, and GDAS analyses, with analyzed boundary 

conditions supplied every 12 hours.  The RUC and EDAS (GDAS) initial and boundary 

conditions were available on the WMO 211 (213) grid with approximately 80 km (95 km) 

horizontal grid spacing and data every 50-hPa (at mandatory levels) in the vertical.  Details 

on the model initial condition datasets and can be found in section 3.1.   

A comparison of the synoptic-scale initial conditions shows several noticeable 

differences between the analyses.  At the 500-hPa level, the RUC analysis (Fig. 4.2b) and the 

EDAS analysis (Fig. 7.1b) both show a well-defined vorticity maximum in the trough axis 

over southern Oklahoma, a feature that is less well-resolved by the coarser GDAS analysis 

(Fig. 7.2b).  The 700-hPa analyses also show significant differences along the Gulf coast, 

with the RUC analysis relative humidity values (Fig. 4.2c) exceeding 70% farther west and 

north over southern Mississippi and Alabama relative to the EDAS (Fig 7.1c) and GDAS 

(Fig. 7.2c), which restrict higher moisture values to the south and east.  These differences in 

the analyses for both a forcing mechanism (the vorticity maximum) and the moisture could 

be important factors in the formation and evolution of the IP feature in model simulations 

initialized with the difference analyses.   
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To explore the sensitivity of the simulation of this event to model physics, the Betts-

Miller-Janjić (BMJ), Kain-Fritsch (KF), and Grell-Devenyi (GD) CP schemes were used 

along with the Yonsei University (YSU) and Mellor-Yamada-Janjić (MYJ) PBL schemes.  

Details on the CP and PBL schemes can be found in sections 3.2.2 and 3.2.3, respectively.  

Table 7.1 lists the characteristics of each member in the ensemble.  All members were run 

with 20-km horizontal grid spacing on a domain covering the southeastern U.S. and adjacent 

waters of the Gulf of Mexico and Atlantic Ocean (Fig 7.3a).  Thirty-eight vertical eta 

coordinate levels were used, with a high concentration of levels in the boundary layer and 

near jet stream level for improved vertical resolution in those areas (Fig. 7.3b).  Other 

physics schemes used in these WRF simulations included the Ferrier Eta microphysics 

scheme (used in the operational NAM model), which has diagnostic mixed-phase processes; 

the rapid radiative transfer method (RRTM) longwave radiation scheme; the Dudhia 

shortwave radiation scheme; and the NOAH land surface model with fractional snow cover, 

frozen soil physics, and soil temperature and moisture in four layers.  Details of these various 

schemes can be found in Skamarock et al. (2005).  The same 14-km SST analysis was used 

as the lower boundary condition at the water grid points in these simulations that was used 

for the MM5 simulation presented in section 6.  The projection of this SST analysis onto the 

WRF grid is shown in Figure 7.4.   

The ensemble members were run for 36 hours through 12 UTC 25 January.  The 

evolution of the IP feature in these simulations will be examined, as well as the downstream 

evolution of the cyclone system and precipitation over the Carolinas.  The entire 18-member 

ensemble will first be evaluated as a whole; then the members will be partitioned into three 

separate physics ensembles with six members each, grouped by the initial condition dataset 
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(e.g. RUC, Eta, or AVN), and six separate IC ensembles with three members each, grouped 

by physics choice.  Stensrud et al. (2000) found that a model physics (initial-condition) 

ensemble is more skillful in situations where the synoptic-scale forcing is weak (strong).  

While occurring in a regime of strong synoptic-scale forcing (Section 4.2), this case warrants 

investigation from both perspectives.  The poor short-range operational model forecasts of 

this event (Sections 4.3, 5.3) suggest that initial conditions may have played a role in the 

inability of the models to generate the IP feature, which was detrimental to their forecast of 

the downstream cyclone evolution.  Additionally, the combination of: (i) the inability of the 

operational models to generate the IP feature (section 5.3), (ii) the possibility of elevated 

and/or slantwise convection (section 5) and, (iii) the importance latent heat release in the 

generation of the lower-tropospheric PV maximum (section 6.2) suggest that varying model 

physics could prove useful in diagnosing the sensitivity of the simulation of the IP feature, 

and the subsequent cyclone evolution and precipitation distribution.   

The ensemble mean and standard deviation (described in section 3.3) of several 

parameters were computed, including total, grid-scale, and convective precipitation; sea-level 

pressure; 500-hPa geopotential height; 900–700-hPa PV; and 300–200-hPa PV at 6-h 

intervals.  Previous research has shown that the ensemble mean will generally provide more 

skill than any one individual member, the spread (or variation around the ensemble mean) is 

an indicator of uncertainty in the solution, and that the variance generated by physics 

ensembles usually grows more quickly than the variance associated with initial conditions in 

the first 6–12 hours (section 3.3).  To further analyze the differences between the ensemble 

members, selected results from each of the individual members will be examined.  Finally, 

variance computations were performed on selected parameters to quantify the differences in 
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variance explained by the three physics ensembles in comparison to the six initial condition 

ensembles. 

 

7.2 Results of 18-member ensemble 

At 06 UTC 24 January (forecast hour 6), the ensemble mean shows a small 1010-hPa 

surface low south of the Florida Panhandle and standard deviations between 1 and 2 hPa west 

of the Florida Peninsula, near the aforementioned cyclone in the northern Gulf, and near a 

cyclone in the northeastern corner of the domain (Fig. 7.5a).  The 500-hPa ensemble mean 

height places the trough axis near the Mississippi River, with relatively low standard 

deviation values (5 m or less) over the Gulf Coast region (Fig. 7.5b).  The ensemble mean 

900–700-hPa PV shows a broad area of 0.5 PVU from central Mississippi to the Carolinas, 

with a small 0.75 PVU maximum along the Alabama-Georgia border, where the standard 

deviation ranges from 0.2 to 0.3 PVU (Fig. 7.5c).  The ensemble mean 300–200-hPa PV 

shows the largest values over the middle Mississippi Valley where a 7 PVU maximum is 

found (Fig. 7.4d).  The highest spread exceeds 1 PVU in the northern Gulf of Mexico, 

downstream of the 4–5 mm of ensemble mean 6-h precipitation in coastal Louisiana (Fig. 

7.6a).  Other precipitation maxima are seen in the eastern Gulf, along the Georgia coast and 

along the stationary front over the western Atlantic.  The ensemble mean indicates that the 

precipitation occurring over Louisiana and the Gulf is being produced by the various CP 

schemes, while the 10 mm precipitation totals along the Georgia coast are being generated by 

the grid-scale microphysics (Fig. 7.6b,c).   

By 12 UTC 24 January, the ensemble mean shows a broad area of low pressure 

offshore of Florida, and the spread remains low, as standard deviations are 1 hPa or less over 
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nearly the entire domain (Fig. 7.7a).  The mean 500-hPa trough axis has moved into western 

Alabama, with the standard deviation exceeding 10 m downstream over the Florida 

Panhandle along a region of slight anticyclonic curvature in the 5580 m contour (Fig. 7.7b).  

Differences in latent heating between the ensemble members as well as differences in the 

strength of the upper trough in the different analyses are likely contributing to the higher 

spread in this area (Fig. 7.7b).  Several 900–700-hPa PV maxima are indicated in the 

ensemble mean by forecast hour 12, with two 0.75 PVU maxima over southern Alabama and 

western Georgia where standard deviation values are in the 0.2–0.3 PVU range (Fig. 7.7c).  

Other PV maxima are seen offshore of the Carolinas and in the northern Gulf, and more 

spread exists in these areas as standard deviations exceed 0.8 PVU.  Significant variability is 

seen in the ensemble 300–200-hPa PV field downstream of the trough axis over Georgia, 

where the spread exceeds 1.25 PVU, and increases to 2 PVU in southwest Georgia (Fig. 

7.7d).  The large spread in PV is consistent with the large spread in the 500-hPa height field 

in this area and would be expected downstream of a region of precipitation; especially if a 

significant amount of variability existed between the ensemble members in the precipitation 

distribution.  The effect of the lateral boundary conditions in the northeast corner of the 

domain is noted with the strong gradient between PV values computed in the simulation and 

those specified on the lateral boundary of the domain.    

Not surprisingly, the areas of high PV variability in the lower- and upper-troposphere 

correspond closely to a maximum in the 6-h ensemble mean precipitation ending at 12 UTC 

in the northern Gulf (Fig. 7.8a).  Even with the breadth of physics and initial conditions 

included in this ensemble, the 6-h ensemble mean total precipitation fails to capture the scale 

or the intensity of the IP feature during this period, with only 5 mm of precipitation over 
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southern Georgia.  Recall that during the 6-h period ending at 12 UTC 24 January, several 

locations in Georgia and Alabama reported more than 15 mm of precipitation (Fig. 5.18).  

The precipitation shown by the ensemble mean in Alabama and Georgia was largely 

generated by the grid-scale microphysics, as the convective precipitation totals are less than 1 

mm (Fig. 7.8b,c).  Figure 7.9 shows the 6-h total precipitation from each of the individual 

ensemble members; several of the runs produced measurable precipitation farther north into 

eastern Alabama and western Georgia, especially those members initialized from the RUC 

analysis.  The Eta-initialized members (panels d,e,f,m,n,o) produced heavier precipitation (> 

15 mm) farther south, while the AVN-initialized members (panels g,h,i,p,q,r) systematically 

produced the lowest precipitation totals over Alabama and Georgia.  Significant variability is 

seen between members when only the CP scheme is varied, even though the precipitation 

produced in this region was occurring on the model grid-scale, suggesting that the CP 

scheme choice also impacted the details of precipitation occurring on the model grid scale. 

These differences in precipitation are associated with significant differences in the 

lower-tropospheric PV distribution between the ensemble members (Fig. 7.10), with, for 

example, a 1.5 PVU maximum over southern Georgia in the RUCKMY simulation (Fig. 

7.10j), but no discernable PV maxima seen in any of the AVN initialized simulations (panels 

g,h,i,p,q,r).  Interestingly, the PV values in the members run with the YSU PBL scheme 

(panels a-i) are smaller, and the features have less detail than the members with the MY PBL 

scheme (panels j-r).  This difference is likely due in part to reduced static stability in the 

lower-troposphere in the simulations using the YSU PBL scheme, given its non-local mixing 

design (details given in section 3.2.3).  This point is further elucidated by comparing a 

vertical sounding from the lower- and mid-troposphere taken at 32.8ºN 85.2ºW (along the 
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Alabama-Georgia border) from simulations RUCBYS and RUCBMY at 12 UTC.  Several 

differences are noted between these two simulations that differ only in the choice of PBL 

scheme.  The surface layer is deeper in RUCBYS, with a nearly dry adiabatic layer extending 

to near the 925-hPa level (Fig. 7.11, dashed sounding), while this mixed layer is shallower 

and cooler in RUCBMY, extending only to near the 950-hPa level (Fig. 7.11, solid 

sounding).  Additionally, the stable layer associated with the frontal inversion above the 

surface layer in RUCBMY is deeper, with a stronger inversion at the top of the layer near the 

825-hPa level relative to RUCBYS.  Both of these differences result in reduced static 

stability in RUCBYS relative to RUCBMY, and are consistent with the lower values of PV in 

the 900–700-hPa layer in the simulations using the YSU PBL scheme relative to the MYJ 

PBL scheme.  These differences are also consistent with the deeper mixing that is expected 

from the YSU scheme due to its non-local mixing, while MYJ is only a local mixing scheme. 

The results of the ensemble through 12 UTC 24 January strongly suggest that the 

representation of the IP and its impact on the PV distribution in numerical simulations 

initialized at 00 UTC are strongly sensitive to both initial conditions and model physics.  A 

high degree of variability exists in the both coverage and intensity of precipitation in the 

region where the IP formed, as well as the lower-tropospheric PV distribution, even though 

none of the members were able to adequately generate the coverage and intensity of the IP.  

None of the three CP schemes utilized in the ensemble were able to activate north of the front 

in the region dominated by strong surface stability, although convection was observed in this 

region (Section 5.1).   

By 18 UTC 24 January, the ensemble mean shows a 1003-hPa low center offshore of 

northern Florida, with the largest standard deviations in sea level pressure found northeast of 
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the cyclone center in excess of 2 hPa (Fig. 7.12a).  The ensemble-mean 500-hPa trough 

continues to deepen and is centered over western Georgia, with geopotential height standard 

deviations now in excess of 10 m downstream of the trough axis (Fig. 7.12b).  The ensemble 

mean 900–700-hPa PV distribution shows a 1 PVU maximum offshore of Georgia, with 

several other maxima of 0.75 PVU magnitude also seen offshore (Fig. 7.12c).  The spread is 

large in these areas where standard deviations exceed 1 PVU in some locations.  Farther 

west, only a small 0.75 PVU maximum is seen over central Georgia, in contrast to the larger 

1.25 PVU maximum seen in the RUC analysis at this time (Fig. 6.1).  In the upper-

troposphere, where ridge development aloft would be anticipated downstream of the heavy 

precipitation, lower values of ensemble mean 300–200-hPa PV are seen over the eastern 

Carolinas and are less than 2 PVU in some locations (Fig. 7.12d).  The spread has increased 

considerably, now exceeding 1.5 PVU in a band from northeastern Florida to Long Island, 

reaching 2 PVU over eastern Georgia and western South Carolina, and 2.5 PVU over 

Maryland.  The larger spread in PV values seen in the lower-troposphere offshore and in the 

upper-troposphere along the East Coast is likely due to differences in the ensemble members’ 

representation of significant precipitation activity in this region.  The ensemble mean does 

indeed show 6-h precipitation totals ending at 18 UTC in the 15–25 mm range offshore of the 

southeast U.S. coast (Fig. 7.13a).  Close to the coast and onshore, most of the precipitation is 

grid-scale in nature, while offshore the precipitation is a mixture of grid-scale and CP scheme 

activity, with CP scheme totals exceeding 15 mm in some areas (Fig. 7.13b,c).   

At forecast hour 24 (00 UTC 25 January), the ensemble mean shows a 997 hPa 

cyclone centered southeast of Wilmington, North Carolina (Fig. 7.14a).  Two separate 

maxima are seen in the standard deviation: one to the west of the center in the 2–3 hPa range, 
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and a second larger maximum northeast of the low center along the warm front exceeding 4 

hPa.  Compared to the analyzed cyclone at this time that had a central pressure of 991 hPa 

(Fig. 4.13), the ensemble mean cyclone is too weak and too far offshore.  At the 500-hPa 

level the ensemble mean trough has nearly closed off over southern Georgia (Fig. 7.14b).  

The largest spread is seen over the Carolinas and Virginia and offshore of the Carolinas 

where standard deviations are in the 10–15 m range.   Compared to the RUC 500-hPa 

analysis at this time, the trough axis is in the correct location, but the ensemble mean fails to 

capture the analyzed closed 5460-m contour along the Georgia coast, or the degree of 

downstream ridging over eastern North Carolina and Virginia (Fig. 4.12b).  The large spread 

downstream of the trough axis is likely due to the differences in latent heating in the various 

members, and is consistent with the large spread seen in the lower-tropospheric PV 

distribution offshore, where standard deviations approach 2 PVU (Fig. 7.14c).  Several 900–

700-hPa PV maxima with magnitudes approaching 1.5 PVU are seen in the ensemble mean 

at this time offshore of the Carolinas.  However, as at earlier times, the ensemble mean does 

not show any significant PV maximum along the immediate coast or inland, where a 1.5 

PVU maximum was analyzed by the RUC at this time (Fig. 4.16b).   The upper-tropospheric 

ensemble mean PV shows an area of PV values less than 2 PVU from the eastern Carolinas 

to the Mid-Atlantic coast where standard deviations exceed 2 PVU along the western edge of 

the downstream ridging (Fig. 7.14d), indicating significant disagreement between the 

ensemble members in the extent of upper-tropospheric ridging in this region.  The 

distribution of the ensemble-mean total precipitation for the 6-h period ending at 00 UTC 25 

January shows the highest amounts remaining offshore; with precipitation amounts 

exceeding 1 mm confined to eastern South Carolina and southeastern North Carolina (Fig. 
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7.15a).  All of the ensemble-mean precipitation occurring inland and along the immediate 

coast is being produced by the grid-scale microphysics, with a mixture of convective and 

grid-scale precipitation seen offshore (Fig. 7.15b,c).   

By 06 UTC 25 January (forecast hour 30), the ensemble mean surface cyclone has 

deepened to 992 hPa and is located east-southeast of Wilmington, North Carolina (Fig. 

7.16a).  There continue to be two maxima in standard deviation associated with the sea-level 

pressure field, however now the largest spread is seen west of the cyclone center, exceeding 

6 hPa, while the spread along the warm front northeast of the cyclone is only 3 hPa.  The 

large spread suggests significant uncertainty in the placement of the surface cyclone among 

the ensemble members, especially to the west of the mean location.  The ensemble mean 

500-hPa trough axis has taken on a negative latitudinal tilt over the Carolinas, with 10–20 m 

of spread in the ensemble mean height field in the trough base and offshore of South Carolina 

(Fig. 7.16b).  High spread values are also seen downstream of the trough axis from northern 

Virginia to south of Long Island in the 10–15 m range, but little enhanced downstream 

ridging is seen in the ensemble mean height field at this time.  The ensemble-mean 900–700-

hPa PV shows a 1.5 PVU maximum offshore of the Carolinas, with the spread exceeding 1.5 

PVU in the vicinity of the maximum, suggesting a large amount of variability between the 

ensemble members in the location and intensity of this PV maximum.  In the upper-

troposphere, the ensemble mean 300–200-hPa PV shows a continued intrusion of low PV 

values (< 1 PVU) downstream of the trough axis over the Mid-Atlantic coast (Fig. 7.16d).  A 

large gradient in the PV ensemble mean is seen over eastern Virginia and North Carolina, 

with large spread (> 2 PVU) in this region, again suggesting large variability in the degree of 

downstream ridging in this area between the ensemble members.   
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An examination of the sea-level pressure and lowest model level simulated radar 

reflectivity from the individual ensemble members at 06 UTC 25 January shows a wide range 

of solutions with respect to the location and intensity of the cyclone as well as the westward 

extent of the precipitation shield (Fig. 7.17).  The deepest cyclone is seen in the ETAGYS 

member (Fig. 7.17f), with a central pressure of 982 hPa, while the weakest cyclone is seen in 

the AVNKMY (Fig. 7.17p), ANVBMY (Fig. 7.17q), AVNKYS (Fig. 7.17g), and AVNGYS 

(Fig. 7.17i) simulations with a central pressure of 992 hPa; a range of 10 hPa from the 

strongest to the weakest member.  In the ensemble members initialized from the AVN 

analysis, the cyclone is generally weaker and farther offshore, with little precipitation 

occurring over land areas.  In the RUC- and Eta-initialized members the cyclone is stronger 

and farther west but a high degree of variability exists in the structure and intensity of the 

cyclone with the precipitation shield in the members, with the precipitation extending farthest 

inland in the ETAKMY (Fig. 7.17m) and RUCKYS (Fig. 7.17a) simulations.   

The 900–700-hPa PV field from each member (Fig. 7.18) shows that members with 

stronger and/or multiple PV maxima closer to the coast produce precipitation farther inland 

over the Carolinas, consistent with PV thinking and the evolution of the PV maxima seen in 

RUC analyses of this event (Fig. 5.1) and the results of Brennan and Lackmann (2005).  For 

example, the ETAKMY (Fig. 7.18m) and RUCKYS (Fig. 7.18a) simulations both show a PV 

maximum exceeding 2 PVU close to the coast, in addition to the stronger PV maximum 

offshore with the surface cyclone.  This nearshore PV maximum feature is weaker, or 

entirely absent in the RUCBMY (Fig. 7.18k) and RUCBYS simulations (Fig. 7.18b), and 

these simulations do not spread precipitation as far inland into the Carolinas at this time (Fig. 

7.17k,b).  Recall that RUC analyses of the PV distribution in this event showed that the PV 
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maximum initially generated by the IP feature moved to the immediate coast from Georgia to 

the Carolinas; separate from the PV maximum directly associated with the surface cyclone.  

These PV maxima later merged to form a larger PV maximum with a broad cyclonic 

circulation that resulted in the strong moisture transport into the Carolinas and Virginia (Figs. 

5.4, 4.21).   

The results from the individual ensemble members confirm that besides the PV 

maximum located directly over the surface cyclone; other PV maxima exert an influence on 

the inland moisture transport and heavy precipitation in this cyclone event.  This finding 

further supports the hypothesis that the PV maximum generated by the IP was important to 

the evolution of the cyclone and precipitation distribution in this event (section 6; Brennan 

and Lackmann 2005).  The ensemble mean 6-h precipitation ending at 06 UTC 25 January 

(Fig. 7.19a) is consistent with most of the members suppressing the heavy precipitation 

farther east, with totals exceeding 1 mm confined to the eastern Carolinas and extreme 

southeastern Virginia.  The majority of the near-shore and onshore precipitation continues to 

be produced by the grid-scale microphysics, while offshore ensemble-mean convective 

precipitation totals exceed 10 mm in locations (Fig. 7.19b,c).   

At forecast hour 36 (12 UTC 25 January) the ensemble mean shows an elongated 991 

hPa cyclone center offshore of the North Carolina coast, with the maximum spread exceeding 

8-hPa south of Cape Hatteras (Fig. 7.20a).  The analyzed cyclone at this time had a central 

pressure of 983 hPa and was centered farther north offshore of the Virginia Capes (Fig. 4.18).  

At 500-hPa the trough is centered over southeastern North Carolina, with height deviations 

now exceeding 30 m in the base of the trough (Fig. 7.20b), and the mean heights over eastern 

North Carolina are more than 60 m too high compared to the RUC analysis at this time (Fig. 



 189

4.17b).  Ensemble-mean precipitation totals for the 6-h period ending at this time exceed 10 

mm over southeastern North Carolina, with 1 mm totals extending inland into the eastern 

Piedmont of North Carolina and Tidewater Virginia (Fig. 7.21a).  The ensemble mean 36-h 

precipitation totals over the Carolinas and Virginia show a very sharp gradient of 

precipitation, with totals increasing from 1 mm to over 10 mm across the width of one or two 

counties over central North Carolina (Fig. 7.22).  The ensemble mean precipitation total at 

RDU was only 1–2 mm, while the reported liquid-equivalent precipitation for the two-day 

event exceeded 60 mm.  Precipitation totals exceeding 40 mm, the highest seen on land, 

occurred over extreme southeastern North Carolina.  Examining the 36-h total precipitation 

from the individual ensemble members (Fig. 7.23), none of the AVN initialized members 

produced significant precipitation far enough inland while the heaviest precipitation at RDU 

was produced by ETAKMY (~10 mm, Fig. 7.23m) and ETAKYS (~7 mm, Fig. 7.23d), 

which showed either a merger or near-merger of the offshore PV maxima at 06 UTC 25 

January.  None of the other 16 ensemble members produced more than 1 mm of precipitation 

northwest of Wake County, North Carolina.   

While the 18-member ensemble mean did not properly reproduce the IP feature or the 

extent of the heavy precipitation inland over the Carolinas and Virginia, an examination of 

the individual ensemble members suggests that a more accurate forecast of this event could 

be achieved by utilizing different model physics, particularly the KF CP scheme, as members 

using this scheme produced significant liquid-equivalent precipitation as far west as the 

central Carolinas, largely because these members had stronger lower-tropospheric PV 

maxima offshore.   Members initialized from the AVN analysis were consistently too far 

offshore with the track of the cyclone and heavy precipitation.   
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7.3 Evaluation of 6-member physics ensembles 

 The ensemble members will now be evaluated as three physics ensembles with six 

members each grouped by the IC dataset (e.g. RUC, Eta, or AVN).  For the six-hour period 

ending at 06 UTC 24 January, the ensemble mean precipitation totals are heaviest along the 

Gulf Coast in the Eta IC ensemble (EIC), with 10–15 mm totals along the southeastern 

Louisiana coast (Fig. 7.24b).  Ensemble mean totals are lower in the RUC IC ensemble 

(RIC), with a precipitation maximum of 6–7 mm along the western Louisiana coast (Fig. 

7.24a).  In the AVN IC ensemble (AIC), precipitation totals greater than 1 mm remain 

offshore, except near the mouth of the Mississippi River (Fig. 7.24c).  The ensemble-mean 

convective precipitation totals for this period are largely located offshore; with nearly all of 

the precipitation over southern Louisiana and offshore being produced by the CP schemes 

(Fig. 7.25).  The RIC ensemble mean is the only one to show significant convective 

precipitation north of the Gulf coast, with a 3–4 mm maximum over southwestern Georgia 

(Fig. 7.25a), that is absent in the EIC and AIC ensembles (Fig. 7.25b,c).   

Six-hour precipitation totals ending at 12 UTC 24 January show that the RIC 

ensemble mean (Fig. 7.26a) produced precipitation farthest northeast into Georgia, however 

the heaviest amounts (> 10 mm ) were seen in the EIC ensemble mean (Fig. 7.26b).  The AIC 

ensemble mean generated only 2–3 mm of precipitation in south-central Georgia by this time 

(Fig. 7.26c).  Recall that observations for the 6-h period ending at 12 UTC indicated that 

more than 25 mm of precipitation had fallen from the Alabama/Georgia border into central 

Georgia with more than 10 mm reported across much of southeastern Alabama (Fig. 5.18).  

From this comparison, it is clear that none of the physics ensembles initialized at 00 UTC 
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were able to successfully generate the northward extent and intensity of the observed IP 

feature, consistent with the findings from the entire 18-member ensemble.  Additionally, the 

mean convective precipitation from all three ensembles is generally confined to offshore 

areas and the immediate Gulf Coast (Fig. 7.27); evidence that the deep convection 

component of all three CP schemes in the ensembles was unable to activate above the cold, 

stable surface airmass over the region.   

The ensemble means of the 900–700-hPa PV field at 12 UTC 24 January show a 0.75 

PVU maximum across southern Alabama in the RIC ensemble (Fig. 7.28a); two 1 PVU 

maxima in southern Alabama and west-central Georgia in the EIC ensemble (Fig. 7.28b); and 

no PV feature exceeding 0.75 PVU in the AIC ensemble (Fig. 7.28c).  The spread across 

Alabama and Georgia is a local maximum, but remains less than 0.3 PVU in the RIC and 

EIC ensembles.  More uncertainty is seen offshore in the Gulf; for example the EIC ensemble 

mean shows a 1 PVU maximum and a standard deviation exceeding 0.8 PVU, suggesting 

high uncertainty in the placement and intensity of this feature in a region dominated by 

convective precipitation (Fig. 7.28a).  These results suggest that both initial conditions and 

model physics are playing a large role in the evolution of both the precipitation and PV 

distribution in these ensembles, with large differences seen between the ensemble means 

from different IC sources, and significant spread seen within each ensemble as well.  It is 

also clear that none of the physics ensembles were able to properly forecast the extent and 

intensity of the IP feature and its associated lower-tropospheric PV maximum through 12 

UTC 24 January 2000, again consistent with the entire 18-member ensemble evaluation.   

By forecast hour 24 (00 UTC 25 January), significant differences are seen in the 

ensemble mean surface cyclone, with the RIC (Fig. 7.29a) and EIC (Fig. 7.29b) ensemble 
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means showing a 1004-hPa surface low relatively close to the coast.  The AIC ensemble 

mean cyclone is deeper, with a central pressure of 1000 hPa, but is located farther offshore, 

well east of Florida (Fig. 7.29c).  The spread within each ensemble remains rather small, in 

the 1–2 hPa range near the cyclone centers.   

At 00 UTC 25 Jan. an elongated area of high 900–700-hPa PV is seen along the coast 

from Georgia to the Carolinas with an embedded 1 PVU maximum off of the Georgia coast 

in the EIC ensemble (Fig. 7.30b).  An additional offshore PV maximum in EIC exceeds 3 

PVU; however significant uncertainty exists in this region where spread values exceed 2 

PVU.  The RIC ensemble mean shows two PV maxima, in nearly the same locations seen in 

the EIC, with the magnitudes exceeding 2 PVU (Fig. 7.30a), while the AIC ensemble mean 

has a much weaker PV maximum near the coast, and a PV maximum farther offshore (Fig. 

7.30c).  The location of the ensemble mean cyclone centers are closely tied to the location of 

the offshore PV maxima in each ensemble (Fig. 7.29), with the largest spread (3 hPa) in the 

EIC ensemble to the west of the ensemble-mean center (Fig. 7.29b) consistent with the larger 

spread in the 900–700-hPa PV field in the EIC ensemble as well (Fig. 7.28b) 

By 06 UTC, the differences in the 900–700-hPa PV ensemble means have increased, 

with a single offshore 2 PVU maximum in the RIC ensemble mean (Fig. 7.31a) and two 

maxima of 2–3 PVU in the EIC ensemble mean (Fig. 7.31b); one nearly on the coast, and the 

other farther west relative to the single RIC maximum.  The AIC ensemble mean has 

multiple PV maxima well offshore (Fig. 7.31c), consistent with a cyclone track farther east 

and little onshore precipitation in the AIC ensemble mean during the 6-h period ending at 12 

UTC 25 January (Fig. 7.32c).  A comparison of the 6-h ensemble-mean precipitation totals 

ending at 12 UTC from the RIC (Fig. 7.32a) and EIC (Fig. 7.32b) means show that the EIC 
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mean is producing heavier precipitation farther inland into eastern North Carolina and 

southeastern Virginia (compare the location of the 10 mm isoheyt).   

By forecast hour 36 (12 UTC 25 Jan.), the RIC ensemble mean cyclone has a central 

pressure of 988 hPa with the largest spread (4 hPa) located south of the cyclone center (Fig. 

7.33a).  The EIC ensemble mean cyclone is deeper with a central pressure of 984 hPa and is 

located farther southwest compared to the RIC mean; however the spread is significantly 

higher to the southwest of the low center, exceeding 8 hPa (Fig. 7.33b).  The AIC ensemble 

mean shows an elongated low center of 992 hPa well to the northeast of the RIC and EIC 

means, with large spread (4–5 hPa) well south of the center (Fig. 7.33c).  Compared to the 

manual analysis at this time, all three ensembles means are too far southeast and too weak 

with the surface cyclone; which was analyzed at 986 hPa east of the Virginia Capes (Fig. 

4.18).  Of the three ensemble means, the EIC performed best with respect to the analysis at 

this time.   

The distribution of ensemble mean 36-h precipitation totals over North Carolina are 

consistent with the evolution of the cyclone and lower-tropospheric PV maxima in the 

ensembles, as the EIC ensemble mean has heavier precipitation farther west into the central 

Carolinas and southeastern Virginia (Fig. 7.34b), and this ensemble mean also had the 

strongest surface cyclone tracking closest to the coast.  A very sharp western gradient is seen 

in the precipitation totals, particularly from central North Carolina into southeastern Virginia, 

with more than a 10 mm difference in total precipitation across Wake County, North 

Carolina.  The RUC IC ensemble mean shifts the precipitation gradient farther east over 

eastern North Carolina, and only producing about 1 mm of precipitation at RDU (Fig. 7.34a).  
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The AVN IC ensemble mean precipitation is displaced ever farther to the east, confined to 

southern South Carolina and coastal North Carolina (Fig. 7.34c).   

 The results from the three physics ensembles strongly suggest that the representation 

of the IP feature, the cyclone evolution, and final precipitation distribution were sensitive to 

both initial conditions and model physics.  Clearly, the AIC ensemble mean had the poorest 

forecast of the event, while the EIC ensemble mean had a forecast much improved over the 

operational Eta model (section 4.3).  These improvement strongly suggests that model 

physics played an important role, as the EIC ensemble mean was able to produce a stronger 

cyclone and an improved simulation of the lower-tropospheric PV structure relative to the 

operational Eta model, and produce significant precipitation as far west as central North 

Carolina.  Additionally, the RIC ensemble mean also represents a significant improvement 

over the operational Eta and AVN models’ forecast of this event from the same initial time.  

To better quantify the amount of variance contributed by initial conditions and model 

physics, variance calculations will be performed on the sea-level pressure and total 

precipitation fields in the following section. 

 

7.4 Variance computations 

 In the previous section, the ensemble was split into three separate physics ensembles, 

each with six members with different physics, but all initialized from the same IC dataset.  

The ensemble can similarly be split into six IC ensembles, with three members each featuring 

the same model physics, but using a difference IC dataset (Table 7.2).  To better quantify the 

relative impact of varying model physics and initial conditions for the cyclone event, the 

average variance of the three physics ensembles and the six IC ensembles will be computed 



 195

for sea level pressure at forecast hour 30 inside the 18-member ensemble mean 1000-hPa 

isobar and for total 36-h precipitation inside a 2º × 2º box over eastern North Carolina.   

 Figure  7.16a shows the 18-member ensemble mean sea-level pressure field.  The 

1000-hPa isobar covers a large portion of the offshore waters from northern Florida to east of 

the Delmarva Peninsula around the cyclone center, spanning 1,546 model grid points.  For 

reference the average variance of the 18-member ensemble region inside the 1000-hPa isobar 

is 5.669 hPa2.  The average of the variance of the three physics ensembles in this area is 

1.857 hPa2, compared to the average variance of 6.362 hPa2 of the six IC ensembles.  The 

fact that the IC ensemble average variance is more than three times greater than the physics 

ensemble average variance strongly suggests that the varying initial conditions generated 

more variance than model physics in regard to the prediction of the surface low.   

 The average variance of the total precipitation was computed inside of a box from 

34ºN to 36ºN and from 77ºW to 79ºW, encompassing 103 grid points mostly over 

southeastern North Carolina (Fig. 7.35).  The average variance of total precipitation from the 

three physics ensembles was 138.99 mm2, while the average variance of the six IC ensembles 

was 561.60 mm2, nearly five times greater.  Similar to the findings for the surface cyclone, it 

is clear that the variation of model initial conditions generated more variation in the total 

precipitation distribution over eastern North Carolina than model physics.   

 While these results strongly suggest that initial conditions generated more variance 

than model physics in the cyclone evolution and precipitation over eastern North Carolina in 

this ensemble, it is important to note that (i) model physics did contribute significant variance 

to the ensemble; (ii) none of the ensemble members, regardless of model physics or initial 

conditions, were able to properly generate the IP feature seen in observations, leaving the 
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precipitation distribution and cyclone evolution to be governed largely by offshore PV 

maxima driven largely by convective heating; and (iii) the very poor forecast from all of the 

ensemble members initialized from the AVN analysis introduced substantial variance into the 

IC ensembles.   

 

7.5 Discussion 

 Results from the entire 18-member ensemble, the three six-member physics 

ensembles, and variance calculations from the physics and IC ensembles show significant 

variability in the evolution of the cyclone and precipitation distribution over the Carolinas 

and Virginia through 12 UTC 25 January 2000.  Both ICs and physics played a large role in 

the variance seen in the ensemble, with significant spread seen within the individual physics 

ensembles and large differences between the ensemble-mean solutions of the physics 

ensembles themselves, especially between the AIC mean and the RIC and EIC means.  In 

fact, the poor forecast of the AIC members is likely responsible for much of the variance due 

to initial conditions in this ensemble.   

An accurate simulation of this event was not represented in the members of this 

ensemble, however the variations in initial conditions in this ensemble were due to the use of 

different standard analysis datasets and were not generated using any initial condition 

perturbation technique (e.g., Monte Carlo method, bred vectors, etc.).  The use of more 

sophisticated initial condition perturbation methods, such altering initial conditions based on 

the identification of sensitivity gradients using an adjoint model (e.g., Kleist and Morgan 

2005) might result in a more dispersive ensemble that is able to capture the true evolution of 

this event, including the formation of the IP.  This type of IC perturbation could generate 
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more variance due to model physics as variations in the ability of model physics 

configurations to represent the latent heating associated with the IP would be more evident.   

While the total 18-member ensemble mean did not properly represent the IP feature, 

the RIC and EIC ensemble means did produce precipitation farther north in Alabama and 

Georgia relative to the operational models initialized at 00 UTC 24 January 2000.  However, 

none of the 18 simulations was able to generate convective precipitation deep enough into the 

cold airmass north of the immediate Gulf coast, as was indicated by radar and surface 

observations.  These results suggest that no combination of model physics and standard 

initial conditions in a model initialized at 00 UTC and run with grid spacing of 20 km or 

greater would be able capture the true extent and intensity of the IP feature, and its 

subsequent impact on the PV distribution, the downstream cyclone evolution, or the 

precipitation coverage and intensity.  However, ensemble members that did have the best 

representation of an IP-like feature (e.g. ETAKMY, ETAKYS) by producing precipitation 

farther north into Georgia by 12 UTC 24 January, also produced a cyclone that tracked closer 

to the coast and yielded heavier precipitation over the Carolinas and Virginia.  This finding is 

further support for the hypothesis that a diabatically generated PV maximum was an 

important feature in this case.  In these ensemble members, a slight improvement in the 

representation of the IP resulted in a different structure in the lower-tropospheric PV 

distribution, with a second PV maximum near the coast in addition to the PV maximum 

located with the surface cyclone, much like what was seen in the RUC analyses and MM5 

simulation presented in sections 5 and 6, respectively.  This result suggests that different 

choices of physics schemes in the operational Eta model at the time of this event could have 

resulted in a dramatically different deterministic forecast of this event. 
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Based on the findings from these ensemble experiments, deterministic model 

experiments will be undertaken in the next section to examine the sensitivity of the WRF 

model to generate the IP feature to individual CP scheme parameters, model grid-spacing, 

and initialization at later times. 
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Initial Condition CP Scheme PBL Scheme Simulation Name 

ETA BMJ MY ETABMY 

ETA BMJ YSU ETABYS 

ETA KF MY ETAKMY 

ETA KF YSU ETAKYS 

ETA GD MY ETAGMY 

ETA GD YSU ETAGYS 

RUC BMJ MY RUCBMY 

RUC BMJ YSU RUCBYS 

RUC KF MY RUCKMY 

RUC KF YSU RUCKYS 

RUC GD MY RUCGMY 

RUC GD YSU RUCGYS 

AVN BMJ MY AVNBMY 

AVN BMJ YSU AVNMYS 

AVN KF MY AVNKMY 

AVN KF YSU AVNKYS 

AVN GD MY AVNGMY 

AVN GD YSU AVNGYS 

Table 7.1.  Details of WRF simulations used in 18-member ensemble. 
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 IC 

ensemble 

name 

KYS KMY BYS BMY GYS GMY 

IC 

Data 

       

ETA  ETAKYS ETAKMY ETABYS ETABMY ETAGYS ETAGMY 

RUC  RUCKYS RUCKMY RUCBYS RUCBMY RUCGYS RUCGMY 

AVN  AVNKYS AVNKMY AVNBYS AVNBMY AVNGYS AVNGMY 

Table 7.2.  Breakdown of IC ensembles and their members. 
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8. DETERMINISTIC MODEL EXPERIMENTS 

 

8.1 Overview 

Results from the ensemble model experiments in the previous section clearly show 

that none of the ensemble members initialized at 00 UTC 24 January were able to fully 

represent the IP feature as it developed over Alabama and Georgia, despite varying initial 

conditions and model CP and PBL schemes.  Ensemble mean, spread, and variance 

calculations show that significant variability was associated with both the choice of model 

physics and initial conditions, with the average variance due to variation of initial conditions 

as much as three times larger.  However, since none of the model physics choices used were 

able to resolve the IP feature, the amount of variance due to this feature is difficult to 

determine from the ensemble.     

Here, the ability of a model to generate the IP feature will be further examined with 

additional deterministic NWP experiments.  First, the sensitivity to the depth over which the 

KF CP scheme checks for instability and the unstable layer depth requirement of the scheme 

will be examined by modifying these parameters.  Next, to address the issue of model grid-

spacing in resolving any elevated/slantwise convection embedded in the IP feature, a high-

resolution 4-km nested WRF simulation will be performed in an attempt to explicitly 

represent the convection.  Finally, additional 20-km simulations will be performed using 

initial conditions at slightly later times, 03 and 06 UTC 24 January from the RUC analysis.   
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8.2 Sensitivity to Kain-Fritsch CP scheme thresholds 

 The KF CP scheme in version 2.0.3.1 of WRF checks the lowest 300 hPa of the 

model atmosphere for unstable air parcels, and requires that the instability be at least 50 hPa 

deep for the deep convection scheme to activate (section 3.2.2).  However, cross-sections 

from the RUC analysis in section 5.2 show that elevated instability was present through a 

deep layer of the lower- and mid-troposphere (Fig. 5.7b, 5.13b, 5.17b).  Given that a portion 

of this deep unstable layer was located more than 300hPa above the surface, the KF scheme 

would not check for instability at that height.  Additionally, some of the layers of instability 

were shallower than the 50-hPa threshold in the KF scheme.  Since there is not any valid 

physical reason to limit the instability check to the lowest 300-hPa of the atmosphere or to 

layers of instability less than 50-hPa deep, these thresholds were relaxed in an effort to 

determine if the KF scheme could generate convection associated with the IP feature. The 

threshold values were modified in the KF scheme to check the lowest 500 hPa of the model 

atmosphere for instability, and to require the depth of the instability to be greater then 25 

hPa.  After these modifications, the WRF model was re-compiled and run using initial 

conditions from the RUC analysis, starting at 00 UTC 24 January 2000, using the modified 

KF CP scheme and the YSU PBL scheme.  The remaining model physics were identical to 

those outlined in section 7.1.   

 Results from this simulation (RUCKYS500/25) will be compared to the RUCKYS 

simulation that used the default settings in the KF CP scheme.  Through the first three hours 

of the simulations ending at 03 UTC 24 January, the results are quite similar (Fig. 8.1), with 

only slightly more coverage of convective precipitation in RUCKYS500/25 (Fig. 8.1d) 

relative to RUCKYS (Fig. 8.1c).  Over the next three hours, there are few differences seen in 
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between the simulations (Fig. 8.2) in the total or convective precipitation fields.  For the 

period ending at 09 UTC, the RUCKYS500/25 simulation does generate convective 

precipitation slightly farther north than RUCKYS, reaching into southern Alabama with 1–2 

mm amounts (Fig. 8.3).  However, by 12 UTC, the differences in total and convective 

precipitation between the two simulations again become small (Fig. 8.4); as both simulations 

restrict any convective precipitation to southern Georgia and the Florida Panhandle.  Given 

these results, it would appear that adjusting the thresholds for the depth of the instability 

check and the instability layer thickness requirement were unable to generate significantly 

more convective precipitation relative to the default KF configuration and unable to improve 

the representation of the IP feature.  This is further supported by the comparison of total and 

convective precipitation through 36 hours from both simulations (Fig. 8.5).  Generally, the 

total and convective precipitation patterns are very similar, with a slight northward and 

westward extent of convective precipitation over Georgia and offshore of the Carolinas in 

RUCKYS500/25 (Fig. 8.5d) relative to RUCKYS (Fig. 8.5c).  Additionally, the western edge 

of the total precipitation shield over the Carolinas and Virginia is slightly farther west in 

RUCKYS500/25 (Fig. 8.5b, Fig. 8.6b), relative to RUCKYS (Fig. 8.5a, 8.6a).  These 

differences are likely due to variations in the evolution of lower-tropospheric PV maxima 

offshore of the Carolinas and not to an improved representation of the IP feature in 

RUCKYS500/25.   

 To further examine why neither the original or modified KF CP schemes were unable 

to activate farther north in the location where the IP feature was observed, vertical soundings 

from both simulations at 09 UTC 24 January from a point along the central Alabama-Georgia 

border (32.8ºN 85.2ºW) were examined.  Both soundings show a similar thermal and 
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moisture profile (Fig. 8.7).  While the lapse rate was approximately moist-adiabatic near the 

600-hPa level, neither the original or modified KF schemes activated in this region.  This 

could be because the temperature perturbation provided to the parcel (a function of the mean 

synoptic-scale vertical velocity at the parcel’s LCL) was insufficient to allow the parcel to 

remain positively buoyant through a sufficiently deep layer (see section 3.2.2).  Also, the 

absence of CAPE in the sounding would prevent the both the original and modified schemes 

from activating in this situation. 

 The results from this experiment and the ensemble results from section 7 suggest that 

it would be difficult to arrive at a model configuration run at 20-km grid-spacing from any 

standard 00 UTC initial condition dataset that would be able to properly generate the IP 

feature.  Since finer grid spacing in both the horizontal and vertical would be required to 

resolve slantwise convection if it was present in the IP feature, a high-resolution WRF 

simulation will be performed to test the sensitivity of generating the IP to grid-spacing. 

 

8.3 Sensitivity to model grid spacing  

8.3.1 Model description 

  To test the ability of a model run with explicit representation of convection to 

generate the IP feature, a nested WRF simulation was performed with 12-km grid spacing on 

the outer grid and 4-km grid spacing on the inner grid.  Both domains covered the region of 

IP formation, cyclone development, and heavy precipitation associated with this event (Fig. 

8.8).  The simulation was initialized from the 00 UTC 24 January RUC analysis and run for 

36 hours through 12 UTC 25 January.  The lateral boundary conditions were updated on the 

outer nest every three hours using the RUC analysis and provided to the inner domain from 
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the outer domain, however no feedback was provided to the outer grid from the inner 

domain.  Fifty-nine vertical eta coordinate levels were used on both domains along with the 

same model physics used in the simulations presented in section 7.  The Mellor-Yamada-

Janjić (MYJ) PBL scheme and the Janjić surface layer physics were used on both domains, 

while  the Kain-Fritsch CP scheme was used on the outer domain, and no CP scheme was 

used on the inner domain, leaving the grid scale microphysics to explicitly resolve any 

convection. 

 

8.3.2 Overview of IP evolution 

Figure 8.9 shows the simulated radar reflectivity from the 4-km simulation at the 

lowest model level from 06–12 UTC, 15 UTC and 18 UTC 24 January.  From 06 UTC 

through 08 UTC convective cells initially over southern Louisiana consolidate into a linear 

band as they move into the northern Gulf (Fig. 8.9a-c).  By 09 UTC (Fig. 8.9d) this line of 

convection has expanded northeast into extreme southern Alabama while multiple bands of 

lower reflectivity precipitation have formed farther north in central Alabama.  These lighter 

bands expand northeastward into west-central Georgia by 11 UTC (Fig. 8.9f), while higher 

reflectivity values expand in the southern portion of the line from the Gulf into southwestern 

Georgia.  By 12 UTC, the width of the precipitation band across central Georgia has 

increased (Fig. 8.9g), and the simulated radar pattern from central Georgia southward 

compares quite favorably to the actual radar imagery at this time (Fig. 5.2l), although the 

northern portion of the observed precipitation had a more curved structure and extended 

farther north into western South Carolina.  Between 15 and 18 UTC the structure of the 

precipitation shield evolves from the linear mode seen earlier into a curved feature with two 
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bands of higher reflectivity, one offshore and a second along the immediate coast from 

Georgia to South Carolina by 18 UTC (Fig. 8.9h,i).  The model reflectivity compares 

favorably to the observed radar at 18 UTC (Fig. 6.1d) which also shows a curved band, 

however the model precipitation is displaced too far southeast relative to the observed, which 

extended as far north as southern North Carolina.   

Comparisons to output from the outer domain (Fig. 8.10) show that the 12-km 

simulation was unable to generate the banded precipitation features by 09 UTC that were 

seen in the 4-km simulation in central Alabama.  The coverage of precipitation over Georgia 

by 12 UTC (Fig. 8.9g, 8.10g) is similar between the two simulations, with more structure 

seen in the reflectivity patterns in the 4-km simulation, as would be expected.  It should be 

noted that precipitation generated by the KF CP scheme on the 12-km domain is not included 

in the simulated reflectivity field since the reflectivity is calculated only from the grid-scale 

hydrometeor fields.  Six-hour precipitation totals for the period ending at 12 UTC 24 January 

in the 12-km and 4-km domains are similar across central Georgia, which marks the northern 

extent of precipitation of 1 mm or more during this period (Fig. 8.11).  However, a small 

band of 1–2 mm totals from south-central Alabama into west-central Georgia is seen in the 4-

km simulation (Fig. 8.11a) that is absent in the 12-km simulation (Fig. 8.11b).  To the south, 

10 mm totals extend slightly farther north into southwestern Georgia in the 4-km simulation 

where a relative minimum in precipitation is seen in the 12-km simulation.  Elsewhere, the 

most notable difference in precipitation is along the Georgia-Florida border where much 

higher precipitation totals (20+ mm) are present in the 4-km simulation while the 12-km 

simulation produced totals of 5 mm or less in this region.  The disparity in precipitation totals 

is likely due to differences in the parameterized convection from the KF scheme in the 12-km 
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simulation relative to explicitly resolved convection in the 4-km simulation.  As can be seen 

in Fig. 8.12, the KF scheme was most active over the Gulf and Atlantic waters, with some 

activity as far north as south-central Georgia (1 mm).  However, the majority of the KF 

activity over land was confined to the immediate coast and the Florida Peninsula.   

 

8.3.3 Evolution of stability and precipitation formation in 4-km nest 

Recall that in section 5.2, elevated gravitational and slantwise instability was 

analyzed north of the surface front along the Gulf coast in the region of the IP formation.  To 

investigate the initial formation of the IP, output from the 4-km simulation will be used as a 

physically consistent dataset for analysis (Keyser and Uccellini 1987).  Simulated radar 

reflectivity at the 700-hPa level was examined, along with cross-sectional analyses to assess 

the vertical structure of the precipitation and the instability simulated by the WRF model in 

this region.  At 06 UTC a few small echoes have formed over central Alabama (Fig. 8.13a), 

in the region of IP development observed in actual radar imagery at this time (Fig. 5.2f).  A 

cross section taken perpendicular to the large scale baroclinic zone (indicated by the 500-hPa 

height field) through these echoes shows that they are located in a layer from 750–550 hPa 

near a maximum of instability where values of MPVg
* are less than –5 PVU in pockets near 

the 650-hPa level (Fig. 8.14a).  Areas of upward vertical motion are seen above the 600-hPa 

level, with pronounced maxima near the core of the strongest echoes where vertical velocities 

are between –25 and –50 µb s-1 (Fig. 8.14b).  A tongue of low θe
* air is found across much of 

the section, near the 650-hPa level and below the level of maximum vertical velocity.  While 

gravitational CI is present in the region where θe
* is decreasing with height from 

approximately 740 hPa to 675 hPa, above the axis of the dry tongue areas of CSI are 
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indicated where values of θe
* increase vertically but decrease along Mg surfaces.  This region 

corresponds closely to the layer where values of MPVg
* are minimized (Fig. 8.14a), and it is 

along and above this layer where the upward vertical motion begins to increase as would be 

expected as saturated parcels become positively buoyant.  This increase in upward motion is 

seen in the total circulation vectors and scalar values of vertical velocity.  The formation of 

precipitation echoes below the level of maximum vertical velocity is consistent with the 

generation of hydrometeors falling into the dry layer below and evaporating or sublimating, 

precluding the precipitation from reaching the surface at this time.  Buckling of Mg surfaces 

is seen in the vicinity of the vertical velocity maxima (Fig. 8.14b), indicating slantwise 

convective adjustment; consistent with the findings of Balasubramanian and Yau (1994b, 

their Fig. 8b) and Thorpe and Clough (1991, their figure 2e).  These findings are consistent 

with the presence of CSI at the time of precipitation generation in the area where the IP 

formed.   

By 07 UTC this area of precipitation has moved into east-central Alabama, with a 

cellular structure now seen in simulated reflectivity at the 700-hPa level and the formation of 

an additional area of echoes along the Mississippi-Alabama border, with cellular echoes seen 

at the southern terminus of this feature (Fig. 8.13b).  A cross-section along line B–B’ through 

the northernmost area of precipitation in east-central Alabama shows five maxima of 

reflectivity, with the reflectivity exceeding 25 dBZ in the 600–700-hPa layer in two of the 

cells (Fig. 8.15a).  A band of instability where values of MPVg
* are less than –5 PVU is 

noted between 650 and 600 hPa across the left half of the section.  The upward vertical 

velocity increases markedly above this unstable layer in a region where θe
* is decreasing 
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along Mg surfaces above the tongue of low θe
* values centered near the 650-hPa level (Fig. 

8.15b). 

Farther southwest a cross section along line C–C’ through the region of 10–20 dBZ 

echoes is western Alabama shows a broad reflectivity maximum centered near the 650-hPa 

level in a region of instability where MPVg
* values are between –1 and –2 PVU in the layer 

from 700–650 hPa (Fig. 8.16a).  As is the case farther northeast, this instability is located 

above the tongue of low θe
*-air, which is centered near the 700-hPa level on the left side of 

this section, while a broader, deeper tongue of low θe
* values is seen in the 625–500-hPa 

layer (Fig. 8.16b).  This finding indicates a mixture of gravitational CI and CSI in this region 

(convective symmetric instability), with the CSI located in a narrow band between the two 

tongues of low θe
*-air where θe

* decreases along Mg surfaces in the 700–600-hPa layer while 

gravitational CI is present above this layer.  According to theory (e.g., Bennets and Sharp 

1982), gravitational convection should begin to dominate over slantwise convection once it 

initiates.   

Finally, a cross section along line D–D’ in southeastern Mississippi shows a large 

precipitation echo on the right side of the section with maximum reflectivity of 25–30 dBZ in 

the 850–750-hPa layer (Fig. 8.17a).  The upward vertical velocity in the 750–650-hPa layer 

is between –25 to –50 µb s-1 (Fig. 8.17b) above a region where MPVg
* values are strongly 

negative (Fig. 8.17a).  A region of CSI is found in the 800–750-hPa layer with gravitational 

instability indicated from the 725-hPa level to near the 500-hPa level where θe
* is decreasing 

with height as a tongue of low θe
* air is situated above a tongue of high θe

*-air (Fig. 8.17b).   

By 08 UTC the northern precipitation feature has moved to the Alabama-Georgia 

border region, while the precipitation to the southwest has moved into central Alabama and 
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expanded in coverage and intensity at the 700-hPa level (Fig. 8.13c).  A section along line E–

E’ through the northeastern most precipitation feature shows the echoes lowering in altitude, 

as they now extend below the 700-hPa level (Fig. 8.18a).  Along the southeastern end of the 

section (to the right), reflectivity values have increased to 15–20 dBZ above the surface and 

below a –15 to –20 µb s-1 vertical motion maximum centered near the 750-hPa level (Fig. 

8.18b).  Farther northwest (to the left) the maximum upward vertical velocities remain 

elevated, generally confined to above the 550-hPa level.  A broad region of elevated 

instability is indicated by areas of negative values of MPVg
* centered near the 650–600-hPa 

layer (Fig. 8.18a).  Weak gravitational CI is seen in the 800–700-hPa layer where θe
* is 

nearly constant or decreasing slightly with height in the southeastern half of the section, 

while CSI is evident in this layer with a pronounced decrease of θe
* seen while moving along 

an Mg surface (Fig. 8.18b).   Above the 700-hPa level, more substantial gravitational CI is 

indicated where θe
* decreases with height through the 650-hPa level.  In the northwestern half 

of the section, CSI is indicated below and at the level of the upward vertical motion maxima 

associated with the precipitation in that region.   

Along line F–F’ through the expanding region of precipitation to the southwest, radar 

echoes extend to near the surface in the southern (right) portion of the section, with 

maximum reflectivity near the 700-hPa level across the remainder of the section (Fig. 8.19a).  

Three vertical velocity maxima are seen, sloping from the 700-hPa level in the south to near 

the 600-hPa level farther north (Fig. 8.19b).  Areas of CSI are seen in the 800–700-hPa layer 

below the vertical velocity maximum centered along the 700-hPa level as well as farther 

north in a layer from 700 hPa to 550 hPa.  Gravitational CI is also indicated above both of 

these layers of CSI.   
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Finally at 09 UTC, the precipitation feature now in east-central Alabama is now 

connected to the convective cells farther southwest from southern Alabama into the northern 

Gulf (Fig. 8.13d).  Three cross sections are taken at this time, the first along line G–G’ in 

east-central Alabama, which shows an area of reflectivity exceeding 30 dBZ from the 750-

hPa level to near the 575-hPa level (Fig. 8.20a).  Numerous pockets of instability are seen in 

the lower- and mid-troposphere where minima of MPVg
* are indicated.  An area of upward 

vertical motion exceeding –50 µb s-1 is seen above a pocket of instability extending through 

the layer from 750 hPa to near 450 hPa near the center of the section (Fig. 8.20b).  In this 

layer the instability indicated by negative MPVg
* is associated with CSI, as θe

* values 

decrease along the Mg surfaces.  To the right (southeast) of the vertical motion maximum, the 

Mg surfaces have buckled in the 600–450-hPa layer, indicating slantwise convective 

adjustment.   

Farther southwest along line H–H’, precipitation is widespread through much of the 

section of 40–50 dBZ are seen just above the surface (Fig. 8.21a); with a large area of 

upward vertical motion exceeding –50 µb s-1 in the mid-troposphere (Fig. 8.21b).  Weak 

gravitational stability is seen in the vicinity of the vertical velocity maximum, as θe
* values 

are constant or increasing only slightly with height (Fig. 8.21b).  Along line I–I’ across the 

convective line in the Gulf a pair of reflectivity maxima extend through much of the lower- 

and mid-troposphere (Fig. 8.22a).  A distinct maximum in Mg is seen near the 675-hPa level 

below the –300 µb s-1 vertical velocity maximum, suggesting the presence of a low-level jet 

near this level (Fig. 8.22b).  A deep layer of instability is indicated in the 750–650-hPa layer, 

below both vertical motion maxima where MPVg
* values are less than –5 PVU (Fig. 8.22b).   
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8.3.4 Evolution of stability and precipitation formation in 12-km nest 

Data from the 12-km domain will be examined to determine if coarser grid spacing 

would degrade the ability of the model to represent the CSI and its role in the early 

precipitation evolution. The 700-hPa level simulated reflectivity from the 12-km simulation 

over the period from 06–09 UTC 24 January (Fig. 8.23) shows less intense echoes associated 

with the precipitation that formed over central Alabama and moved to the Alabama-Georgia 

border relative to the 4-km simulation (Fig. 8.13).  Also, over southern Alabama reflectivity 

values are lower, with less overall coverage through the period (Fig. 8.23).   

Identical cross-sections will now be examined from the 12-km simulation to compare 

the vertical structure of the precipitation, vertical motion, and stability to that seen in the 4-

km simulation.  The 06 UTC cross section along line A–A’ shows 10–15 dBZ echoes in the 

650–500-hPa layer (Fig. 8.24a); however the vertical velocity is substantially weaker near the 

center of the section, only –5 to –10 µb s-1 (Fig. 8.24b) as compared to –25 to –50 µb s-1 in 

the 4-km simulation (Fig. 8.14b).  The structure of θe
* is quite similar, but an inspection of 

the Mg surfaces reveals that their slope more parallel to the θe
* surfaces near the 650-hPa 

level in the 12-km simulation (Fig. 8.24b), resulting in MPVg
* values closer to zero rather 

than the –5 PVU values seen in the 4-km simulation (Fig. 8.14b).   

At 07 UTC along the line B–B’, the intensity of the echoes and vertical velocity is 

reduced in the 12-km simulation (Fig. 8.25a,b), especially near the center of the section.  In 

the 650–600-hPa layer, the Mg surfaces continue to be more parallel to the θe
* surfaces in the 

12-km simulation, resulting in reduced instability in this layer on the left side of the section 

(Fig. 8.25b).  Also, in the 600–450-hPa layer, θe
* is increasing with height in the center of the 

section in the 12-km simulation (Fig. 8.25a), while weak gravitational CI is seen in this layer 
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in the 4-km simulation where θe
* is nearly constant or slightly decreasing with height (Fig. 

8.15a).  These findings are consistent with the reduced upward vertical velocity and 

reflectivity in the 12-km simulation at this time.   

Along the cross section line C–C’ the 12-km simulation continues to show weaker 

values of both reflectivity (Fig. 8.26a) and vertical velocity (Fig. 8.26b).  CSI is indicated 

near the vertical velocity maximum in the 12-km simulation where Mg surfaces cross several 

θe
* contours from right to left above the warm tongue centered near the 700-hPa level (Fig. 

8.26b).  However, in the 4-km simulation gravitational CI is indicated in this layer, with 

values of θe
* decreasing with height in the 650–550-hPa layer, corresponding to the stronger 

vertical velocity maximum in that simulation (Fig. 8.16b).  While the 4-km simulation would 

likely produce stronger vertical velocity than the 12-km simulation, saturated parcels 

ascending vertically in a region of gravitational CI would achieve larger vertical velocities 

than parcels ascending along a slantwise trajectory.  Both of these are consistent with the 

larger upward motion in the 4-km simulation.   

Finally at 08 UTC along line F–F’ the 12-km simulation shows a broad reflectivity 

maximum in the left-center (northwest) portion of the section (Fig. 8.27a), but one less 

intense than that seen in the 4-km simulation which resolved two separate reflectivity 

maxima (Fig. 8.19a).  While the locations of the vertical velocity maxima are similar; the 

magnitude of the vertical motion is much weaker in the 12-km simulation (Fig. 8.27b).  The 

12-km simulation indicates a region of CSI below both vertical velocity maxima, where θe
* 

decreases along Mg surfaces moving from right to left across the section (Fig. 8.27b) and a 

band of negative MPVg
* is seen at the 750-hPa level.  The instability is more pronounced in 

the 4-km simulation in this region, due to a stronger gradient of θe
* along the Mg surfaces 



 254

(Fig. 8.19b), which is consistent with the stronger vertical velocity being realized in the 

presence of larger instability in this simulation.  Also, the degree of gravitational CI aloft is 

greater in the 4-km simulation as well, with a more rapid decrease of θe
* with height above 

the CSI layer. 

The evolution of the precipitation, vertical velocity, and stability fields from the 12-

km and 4-km simulations strongly suggest that elevated convective symmetric instability (a 

mixture of CSI and gravitational CI) played a role in the generation of precipitation echoes 

aloft across the region of IP formation between 06 and 09 UTC 24 January.  Although the 

precipitation in neither simulation achieved the coverage and intensity seen in observations, 

the spatial and temporal correlation between the reflectivity and vertical velocity maxima 

with areas of elevated CSI and CI strongly suggests that parcels were achieving positive 

buoyancy, initially along slantwise trajectories in the band of CSI above a tongue of low θe
*-

air.   

The degraded precipitation structure and weaker vertical velocity seen in the 12-km 

simulation relative to the 4-km simulation is consistent with Persson and Warner (1993) who 

found that models with larger grid spacing were able to resolve CSI induced circulations, but 

their onset would be delayed and their intensity degraded.  The amount of degradation seen 

here by increasing the grid spacing from 4 km to 12 km suggests that a further increase in 

grid spacing to the 32 km used in the operational Eta model at the time of this event would 

reduce the intensity of these CSI circulations and delay their onset even further.  This is 

tested by comparing a cross section along line A–A’ at 06 UTC from 20-km simulation 

RUCKMY (Fig. 8.28) to the same section from the 4-km (Fig. 8.14) and 12-km simulations 

(Fig. 8.24).  Here it is immediately apparent that the magnitude of the elevated instability is 
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less in the 20-km simulation (Fig. 8.28a), with only two small areas where MPVg
* is less than 

–1 PVU (three-dimensional simulated radar reflectivity was not available for this simulation).  

CSI is indicated in the 20-km simulation, but the magnitude of the instability is reduced as 

the rate of decrease of θe
* along Mg surfaces is much smaller.  This difference is due to the 

weaker tongue of low θe
* and the more diffuse gradient of θe

* in the 650–700-hPa layer in the 

20-km simulation (Fig. 8.28b).  The upward vertical velocity is also reduced in the 20-km 

simulation as well, with magnitudes of only –5 to –10 µb s-1 seen above the 650-hPa level.  

The stronger vertical motion maxima in the 4-km and 12-km simulations farther south-

southeast (near the center in Fig. 8.14b and 8.24b) are not represented in the 20-km 

simulation (Fig. 8.28b).  At 08 UTC along line F–F’, the same general trend is seen, with the 

20-km simulation (Fig. 8.29) under-representing the instability and vertical velocity through 

the section compared to the 4-km (Fig. 8.19) and 12-km (Fig. 8.27) simulations.  Most 

striking is the inability of the 20-km simulation to represent the strong gradient of θe
* sloping 

from south-southeast to north-northwest through the section in the 800–650-hPa layer (Fig. 

8.29b).  This weakerθe
* gradient results in values MPVg

* of only –1 PVU in the 20-km 

simulation, compared to –5 PVU in the 4-km and 12-km simulations.  Not surprisingly, the 

magnitude and structure of the vertical velocity maxima are degraded significantly in the 20-

km simulation, likely due to larger grid spacing as well as the reduced instability in this 

simulation. 

 

8.3.5 Subsequent cyclone evolution and final precipitation distribution 

 After 12 UTC 24 January, the evolution of the lower-tropospheric PV distribution, 

cyclone development, and precipitation fields will be examined through 12 UTC 25 January.  
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The 900–700-hPa layer PV from the 4-km simulation shows several distinct 2 PVU or 

greater maxima across eastern Alabama and southern Georgia at 12 UTC 24 January that 

move to eastern Georgia and southern South Carolina by 18 UTC as additional PV maxima 

form offshore (Fig. 8.30a,b).  At 00 UTC 25 January a string of PV maxima exceeding 7 

PVU are seen offshore of the Carolinas along the warm front at the 850-hPa level, indicated 

by the pronounced wind shift in that location (Fig. 8.30c).  Two other bands of high PV are 

seen, one along the immediate coast from Georgia into South Carolina and another inland 

from eastern Georgia to central South Carolina.  Onshore flow becomes established along the 

North Carolina coast at the 850-hPa level, with 20–30 kt wind speeds offshore at 00 UTC 

that intensify to 50–65 kt by 06 UTC 25 January as a band of large PV dominates the 

offshore waters of northern South Carolina into southeastern North Carolina at this time (Fig. 

8.30d).  An additional smaller band of high PV is seen farther offshore, and the net effect of 

these two maxima is the distinct cyclonic circulation in the lower-troposphere centered south-

southeast of Wilmington, North Carolina at this time.   

 The evolution in the 12-km simulation is similar at 12 and 18 UTC 24 January (Fig. 

8.31a,b), however differences are noted at 00 UTC 25 January, with fewer PV maxima seen 

along the 850-hPa warm front in the 12-km simulation (Fig. 8.31c), likely due to the KF CP 

scheme activating and governing the latent heat release in this region in contrast to the 

activity of the grid-scale microphysics scheme in the 4-km simulation.  At 06 UTC 25 

January these differences persist, with lower PV also seen over eastern North Carolina in the 

12-km simulation (Fig. 8.31d).  Although the interactions between these multiple PV maxima 

is complex, the magnitude of the 850-hPa wind in eastern North Carolina is 5–10 kt less in 

the 12-km simulation (Fig. 8.31d) relative to the 4-km simulation at this time (Fig. 8.30d).  
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This suggests that differences seen between these simulations in the overall precipitation 

distribution over the Carolinas are largely due to the evolution of precipitation and its 

associated latent heating offshore of the Carolinas during the event.   

 The 4-km simulation places the surface low east of the Georgia-Florida border with a 

central pressure of 1002 hPa at 18 UTC 24 January (Fig. 8.32a), and the cyclone deepens 8 

hPa to  994 hPa by 00 UTC 25 January as it moves to a location east-southeast of Charleston, 

South Carolina (Fig. 8.32b).  Over the next 12 hours, the cyclone continues to deepen 

steadily, reaching a central pressure of 982 hPa by 12 UTC 25 January and is centered south 

of Cape Hatteras (Fig. 8.32c,d). The 4-km simulation was able to deepen the cyclone rapidly, 

with a 20-hPa decrease in central pressure in just 18 hours, and the central pressure of 982 

hPa at 12 UTC 25 January compares favorably to the analyzed pressure of 983 hPa at this 

time (Fig. 4.18). However, the track of the cyclone in the 4-km WRF simulation was too 

slow compared to observations, as manual analysis indicated that the cyclone was centered 

east of the Virginia Capes at this time (Fig. 4.18).  The western edge of the 20 dBZ simulated 

radar reflectivity in the precipitation shield extends into east-central North Carolina and 

southeastern Virginia by 12 UTC 25 January, while the actual radar at this time shows the 

western edge of the 20 dBZ echoes about 120 km farther west over North Carolina and 

Virginia at this time (Fig. 4.20).   

The 12-km simulation produces a slightly deeper cyclone by 12 UTC 25 January, 

with a central pressure of 980-hPa, and the track is similar to what was seen in the 4-km 

simulation (Fig. 8.33).  Despite the similar cyclone evolution the precipitation shield in the 

12-km simulation does not extend as far inland at 06 or 12 UTC 25 January (Fig 8.33c,d) 

when compared to the 4-km simulation (Fig. 8.32c,d).  This is consistent with weaker 
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onshore flow seen in the 12-km simulation at the 850-hPa level (Fig. 8.31d), and suggests 

that the evolution of the lower-tropospheric flow is important to the precipitation distribution 

irrespective of the surface cyclone track and intensity.  

 The total precipitation ending at 12 UTC 25 January from the 4-km simulation shows 

maximum amounts across northeastern South Carolina and southeastern North Carolina in 

the 50–75 mm range (Fig. 8.34a), which agrees quite well with the analysis shown in Figure 

4.1a.  As seen in other simulations (sections 6, 7, 8.1, 8.3), the gradient at the western edge of 

the precipitation shield is very pronounced, as totals decrease from 10 mm to less than 1 mm 

in a narrow band from central Virginia southward across central North Carolina (Fig. 8.35a).  

The same general pattern is seen in the results from the 12-km simulation (Fig. 8.34b); 

however the gradient is shifted farther east resulting in reduced total precipitation across 

central Virginia and central North Carolina (Fig. 8.35b).  Overall, the 4-km simulation 

produced 11.7 mm of precipitation at RDU, while the 12-km simulation produced only 4.1 

mm of precipitation.  The 11.7 mm of precipitation in the 4-km simulation is the most 

precipitation produced at RDU by any simulation in this study initialized at 00 UTC 24 

January.  This result is consistent with the finding of Zhang et al. (2002) that the forecast of 

this event improved when model grid spacing was reduced. 

  

8.3.6 Discussion 

Results from these simulations strongly suggest that CSI was present during the initial 

formation of the IP feature.  Pronounced maxima in upward vertical velocity were seen 

above layers of CSI, where θe
* decreased along Mg surfaces, largely in the mid-troposphere 

above a tongue of low θe
* values.  In these layers, the atmosphere was stable to vertical 
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displacement, as θe
* increased with height, however the slope of the Mg surfaces resulted in a 

decreased in θe
* in slantwise displacement in this layer.  Layers of weak gravitational stability 

and gravitational CI were also seen, generally above the layers of CSI, suggesting that 

parcels first became positively buoyant in the slantwise sense, and later were able to become 

gravitationally buoyant once they ascended to a layer of gravitational instability.  The 

evidence of CSI in this region is consistent with the RUC analyses presented in section 5.2, 

and was seen in numerous sections through a four-hour period.  Evidence of adjustment due 

to slantwise convection was seen in the buckling of Mg surfaces, consistent with the findings 

of previous studies.  Although this simulation does not generate precipitation on the scale of 

that observed in radar imagery during this event, it provides consistent evidence that CSI 

played a role in the formation of the IP feature.   

The coarser 12-km simulation was unable to resolve the degree of instability seen in 

the 4-km simulation, largely due to changes in the orientation of the Mg surfaces with respect 

to the θe
* surfaces.  This reduced instability is consistent with the weaker upward vertical 

velocity and weaker simulated reflectivity values when compared to the 4-km simulation 

which was better able to resolve the elevated instability.  A further degradation of these 

features was seen in a simulation with 20-km grid spacing, which was unable to resolve the 

magnitude of the tongue of low θe
*-air in the mid-troposphere, thereby further reducing the 

instability.  This trend would likely continue with a further increase in grid spacing to the 32-

km used in the operational Eta model at the time of this event.  

Overall, these findings suggest that the model’s ability to represent the elevated 

instability and its impact on the formation of the IP in this event are strongly sensitive to 

horizontal and vertical grid spacing.  The reduced gradients of θe
* in the 20-km simulation 
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reduced the magnitude of the CSI, as the decrease of θe
* along Mg surfaces was much less 

than that seen in the 4-km and 12-km simulations.  The decreased magnitude of the upward 

vertical velocity in the cross sections in the 20-km simulation could be due to several factors.  

First, the larger grid spacing would not be able to capture the vertical velocity magnitudes 

represented on the finer mesh grids.  Secondly, this weaker vertical velocity may have been 

insufficient to raise parcels to their level of slantwise free convection (LSFC), preventing the 

parcels from realizing the weaker elevated instability in the 20-km simulations.  Thirdly, the 

weaker instability would result in weaker vertical velocity even if parcels were able to reach 

their LSFC, relative to rising parcels encountering greater instability in the higher resolution 

simulations.  The KF CP scheme in the 12-km simulation was unable to activate in the 

presence of the elevated gravitational CI in the 12-km simulation, consistent with the 

findings in section 8.2.  Also, it is likely that a 4-km grid box would reach saturation more 

quickly than a 12-km or 20-km grid box in order for rising parcels to realize the elevated 

instability in this situation.   

While there was precipitation generated in the region of IP formation in the 4-km and 

12-km simulations, they were unable to reproduce the coverage and intensity of the IP seen 

in observations or its associated large lower-tropospheric PV maximum.  Therefore, the final 

precipitation distribution in these simulations, like those in section 7, was largely determined 

by the complex evolution of latent heating offshore from Georgia to the Carolinas that 

determined the magnitude of the lower-tropospheric onshore flow later in the cyclone event.  

Here, as with the simulations in section 7, the presence of a second PV maximum close to the 

coast separate from that co-located with the surface cyclone center was seen in simulations 
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that were able to increase the moisture transport into the Carolinas and Virginia beyond that 

seen in the operational models.  

 

8.4 Sensitivity to model initialization time 

 To test the sensitivity to model initial time, two WRF simulations were initialized 

from the RUC analysis at 03 and 06 UTC 24 January 2000.  These simulations were run with 

the KF CP scheme, the YSU PBL scheme.  Other physics schemes and the model domain 

remain were unchanged from those described in section 7.1.   The simulations were run 

through 12 UTC 25 January to compare the IP formation, cyclone development, and 

precipitation distribution to the analogous simulation from the ensemble initialized at 00 

UTC, RUCKYS.  The RUC analyses at 03 UTC and 06 UTC can be seen in Figures 5.6 and 

5.12, respectively.  At 03 UTC, the IP feature is just beginning to form over central 

Mississippi along a zone of 850-hPa frontogenesis.  The strongest synoptic-scale forcing is 

occurring over northern Mississippi and Alabama at the 500-hPa level and 300-hPa 

divergence is bracketing the region of precipitation formation.  By 06 UTC, the IP has 

expanded into Alabama and Georgia as the frontogenesis has increased along with the 

intensity and coverage of QG upward vertical velocity at the 500-hPa level along with 

divergence at the 300-hPa level.  Therefore, it is likely that these simulations should better 

represent the impact of the IP feature as they are initialized after its development. 

 Beginning at 12 UTC 24 January, significant differences are already seen in the sea-

level pressure and simulated reflectivity fields between the simulations, as RUCKYS shows a 

small 1008-hPa surface low near the Florida big bend and precipitation across southern and 

central Georgia (Fig 8.36a).  The simulation initialized at 03 UTC (RUCK03Z) has a larger 
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1008-hPa isobar covering much of northern Florida and precipitation covering nearly all of 

Georgia, extreme southeast Alabama, and the Florida Panhandle (Fig 8.36b).  A 1004-hPa 

surface low is seen in the simulation initialized at 06 UTC (RUCK06Z), along with higher 

values of simulated reflectivity across Georgia, and precipitation seen as far north as western 

South Carolina (Fig. 8.36c), agreeing closely with the observed radar reflectivity pattern at 

this time (panel l in Fig. 5.2).   

 The 6-h precipitation for each simulation ending at 12 UTC is shown in Fig. 8.37.  

Maximum precipitation values over Georgia increase from 10 mm in RUCKYS (Fig. 8.37a), 

to 20 mm in RUCK03Z (Fig. 8.37b), to more than 40 mm in RUCK06Z (Fig. 8.37c).  

Additionally, the northward extent of the precipitation expands considerably with later 

initialization time.  The 900–700-hPa PV field in the three simulations is consistent with 

these precipitation trends, as RUCK06Z shows a 1.75 PVU maximum in south-central 

Georgia (Fig. 8.38c) and a larger area of PV exceeding 0.75 PVU when compared to 

RUCK03Z (Fig. 8.38b) and RUCKYS (Fig. 8.38a).  Additionally, a sharper trough axis is 

seen in the 800-hPa wind field south of the PV maximum in RUCK06Z along with a stronger 

wind field across the Gulf coast states and offshore of Florida and Georgia.   

 The later initialization time results in a 6 hPa reduction in the sea-level pressure at the 

cyclone center by 18 UTC 24 January when the RUCKYS (Fig. 8.39a) and RUCK06Z (Fig. 

8.39c) simulations are compared.  Additionally, a progressively stronger pressure gradient is 

seen north of the low center with later initialization time, implying a greater degree of 

onshore geostrophic flow in this region.  The simulated reflectivity field shows expanded 

coverage and intensity of precipitation both over South Carolina and Georgia and offshore 

along the coastal front in RUCK03Z (Fig. 8.39b) and RUCK06Z (Fig. 8.39c).   The lower-
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tropospheric PV distribution (Fig. 8.40) is consistent with the increased coverage of 

precipitation in RUCK03Z (Fig 8.40b) and RUCK06Z (Fig. 8.40c), with a larger, more 

intense PV maximum seen along the Georgia coast, agreeing more closely with the analysis 

of the RUC model at this time (Fig. 6.10), relative to the PV distribution in RUCKMYS (Fig. 

8.40a).   

 By 00 UTC 25 January, the central pressure of the surface cyclone is 6 and 8 hPa 

lower in RUK03Z (Fig. 8.41b) and RUC06Z (Fig. 8.41c), respectively, relative to 

RUCKMYS (Fig. 8.41a).  Both of the simulations initialized later show a track closer to the 

coast and a westward extension of the precipitation shield across much of South Carolina and 

eastern North Carolina.  These results are consistent with the strength of the onshore flow 

and the PV distribution seen in each of the simulations (Fig. 8.42).  The coverage of 

precipitation in RUCK03Z (Fig. 8.41b) and RUCK06Z (Fig. 8.41c) are in better agreement 

with the observed radar reflectively pattern at this time (Fig. 4.15), but still fail to push the 

precipitation far enough west into upstate South Carolina and west-central North Carolina.   

 At 06 UTC the central pressure of the cyclone in RUCK03Z (Fig. 8.43b) and 

RUCK06Z (Fig. 8.43c) are both 982 hPa, however the cyclone is located farther west in 

RUCK06Z, and the precipitation shield in this simulation is farthest northwest.  The intensity 

of the onshore flow continues to be greatest in RUCK06Z (Fig. 8.44c), with a small area 

reaching 60 kt offshore of the North Carolina coast.  Not surprisingly, the total precipitation 

through 12 UTC 25 January from RUCK06Z (Fig. 8.45c) shows the largest precipitation 

totals farthest inland, with the 1 mm contour as extending from northern South Carolina, 

across west-central North Carolina and into central Virginia.  This simulation produced more 

than 25 mm of liquid-equivalent precipitation at RDU; compared to 10–15 mm in RUCK03Z 
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(Fig. 8.45b) and 1 mm in RUCKYS (Fig. 8.45a).  A very tight gradient along the western 

edge of the precipitation is seen in all three simulations, consistent with observations and 

results from other simulations.  The tight gradient in precipitation suggests that even small 

changes in the magnitude of the onshore flow, and the resulting moisture flux, would result 

in large differences in the western extent of the precipitation shield.   

 

8.5  Discussion 

 Results from the deterministic model experiments performed in this section have 

shown that the activation of the KF CP scheme in the region of IP formation was not 

sensitive to a relaxation of the thresholds of the depth of the instability check or the depth of 

the unstable layer in the trigger function.  These changes in the KF trigger function did have 

impacts on the distribution of convective precipitation offshore of the southeast U.S. coast, 

and resulted in a slight westward extension of the precipitation shield into the Carolinas and 

Virginia 

Results from a 4-km simulation showed that a mixture of elevated CSI and 

gravitational CI was present in the region of IP formation, consistent with the analysis of the 

RUC model in section 5.2.  The development of precipitation and pronounced maxima in 

upward vertical velocity were seen above these layers of CSI, where θe
* decreased along Mg 

surfaces, largely in the mid-troposphere above a tongue of low θe
* values.  Surfaces of Mg 

buckled in the wake of the formation of precipitation, indicating an adjustment due to 

slantwise convection, similar to that seen in Balasubramanian and Yau (1994b) and Thorpe 

and Clough (1991)  
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The magnitude of the instability, vertical velocity and precipitation was reduced in 

the 12-km domain, as this simulation was unable to represent the degree of instability seen in 

the 4-km simulation, largely due to changes in the orientation of the Mg surfaces with respect 

to the θe
* surfaces.  A further degradation of the instability and vertical motion was seen in 

the 20-km RUCKMY simulation, as it was unable to represent the strong gradient of θe
* in 

the mid-troposphere seen in the 4-km and 12-km simulations.  This degradation suggests that 

the ability of a model to resolve the CSI and the formation of the IP is strongly sensitive to 

horizontal and vertical grid spacing, consistent with Persson and Warner (1993).  Therefore, 

if CSI did indeed play a role in the formation of the IP, it is likely that its impact would be 

even further reduced in the operational Eta and AVN models, run at the time with horizontal 

grid spacing of 32-km and 104-km respectively.  The inability of these models to capture the 

effects of the CSI is consistent with their lack of precipitation in the region of IP formation 

(section 5.3).   

However, even the 4-km simulation was unable to fully capture the development of 

the IP and the feedback of its associated latent heating on the PV distribution.  Therefore the 

distribution of the precipitation over the Carolinas and Virginia was driven by latent heating 

and diabatic PV generation offshore of the southeast coast later in the event.  Overall, the 4-

km simulation produced 11.7 mm of precipitation at RDU, more than any other simulation of 

this event in this study initialized at 00 UTC 24 January.   

When a 20-km WRF model simulation was initialized at 03 and 06 UTC, after the 

formation of the IP, the forecast of the precipitation and cyclone track and intensity improved 

markedly.  Compared to the RUCKYS simulation, initialized at 00 UTC 24 January, which 

produced only 1 mm of precipitation at RDU, the precipitation total increased to 10–15 mm 
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in the simulation initialized at 03 UTC and to more than 25 mm in the simulation initialized 

at 06 UTC.  This result is further evidence of the importance of the IP feature to the 

distribution of precipitation in the event, demonstrated by the PV inversion in section 6.    
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9. CLIMATOLOGY 

 

9.1. Methods and overview 

To identify other cyclone cases where lower-tropospheric PV maxima may have been 

important, a climatology was performed over four cold seasons (October–April) from 2000–

2001 through 2003–2004.  First, to identify extratropical cyclones that effected the 

southeastern coast of the U.S., sea-level pressure and 500-hPa geopotential height at 6-h 

intervals from the NCEP reanalysis (see section 3.1 for details on the NCEP reanalysis and 

the NARR) were examined.  All cases where a closed surface low was seen along the 

southeast coast were noted and further examined using mosaic radar imagery available from 

NCDC to eliminate cases where no precipitation occurred over land in the southeastern U.S.  

Additionally, tropical cyclone cases were also filtered out.  The remaining cases were more 

closely scrutinized by examining time series of the following parameters from the higher-

resolution NARR: 300–200-hPa PV; 250-hPa wind; 500-hPa geopotential height; 700-hPa 

relative humidity and height; 900–700-hPa PV; 850-hPa geopotential height and wind; 2-m 

potential temperature; 10-m wind; and sea level pressure. From these fields a determination 

was made as to whether a lower-tropospheric PV maximum with a magnitude of at least 

0.75–1.00 PVU was present in the cold-sector of the cyclone and may have played a role in 

the evolution of the event.   

Over the four cold season period, 11 events were found; an average of 2–3 events per 

cold season.  The dates of the events are given in Table 9.1.  Most of the events (7) occurred 

during the climatological winter months; of the remainder, two occurred in March with one 
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each in October and November.  Selected analyses will be presented from each case along 

with relevant radar imagery.   

Of course, it is not possible to definitively quantify the impact of a lower-tropospheric 

PV maximum on a given event without performing a PV inversion, or to determine if a PV 

maximum was diabatically-generated without computing a PV budget.  However, the goal of 

this climatology is simply to approximate how often these features may impact cyclone 

events in the southeastern U.S., as well as identify other cases for possible future study.  

Also, this climatology will not identify cases where numerical model forecasts indicated the 

development of a diabatic PV maximum in the lower troposphere that did not develop.  

 

9.2 Results 

9.2.1 2000–2001 cold season 

 The first case identified in the climatology occurred on 25–26 November 2000, with 

the NARR analysis at 18 UTC 25 November showing a closed 500-hPa cyclone over the 

mid-Mississippi Valley and a large upper-trough covering much of the central U.S. (Fig. 

9.1a).  High relative humidity values at the 700-hPa level extended from the Ohio Valley to 

Virginia and much of North Carolina (Fig. 9.1b).  Radar mosaic reflectivity imagery at this 

time indicates precipitation ongoing across much of this same region (Fig. 9.2).  Onshore 

flow of 40–45 kt at the 850-hPa level is seen over the Carolinas and Virginia into the region 

of precipitation east of a 1 PVU maximum in the 900–700-hPa layer (Fig. 9.1c).  This 

precipitation and PV maximum are occurring in a wedge of relatively cool air between a 

1012-hPa surface cyclone in southern Illinois and a developing cyclone along the South 

Carolina coast (Fig. 9.1d).   
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 The case of 15–16 March 2001 shows a large-scale upper trough dominating the 

central U.S. and broad southwesterly flow at 250-hPa established across the southeast at 18 

UTC 15 March (Fig. 9.3a).  A band of high relative humidity at 700-hPa extends from the 

Central Plains to the Virginia coast (Fig. 9.3b) along an arc of light to moderate precipitation 

indicated in radar imagery, while convection is occurring along the coast of the Carolinas 

(Fig. 9.4).  A PV maximum exceeding 2 PVU is over the western Carolinas with a 20–40 kt 

of onshore flow at the 850-hPa level across North Carolina and Virginia at this time (Fig 

9.3c).  Again, the precipitation and PV maximum are found in a narrow wedge of cool air 

between a 996-hPa surface cyclone over southwestern Missouri and a 1004-hPa cyclone over 

southeastern North Carolina (Fig. 9.3d).   

 The final case from this cold season occurred just a few days later from 19–21 March 

2001.  At 06 UTC 21 March a large closed-low at the 500-hPa level is centered over Georgia 

and 300–200-hPa PV values exceed 8 PVU in this region (Fig. 9.5a). A large area of 

precipitation is indicated by radar imagery at this time from northern North Carolina into the 

Ohio Valley (Fig. 9.6), in a region of high 700-hPa relative humidity (Fig. 9.5b).  An 

elongated PV maximum is seen in the 900–700-hPa layer along the warm front with a 1.25 

PVU maximum over central North Carolina (Fig. 9.5c).  Poleward of this feature the 850-hPa 

flow is between 40 and 60 kt from the Atlantic into the Appalachian region (Fig. 9.5c).  This 

surface reflection of this system is centered near Wilmington, North Carolina with a central 

pressure of 1008 hPa (Fig. 9.5d).   
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9.2.2 2001–2002 cold season 

 The case of 2–4 January 2002 is shown at two separate times, because of the long 

duration and complex nature of this event.  At 06 UTC 3 January a large upper-tropospheric 

PV maximum and closed low are centered over Arkansas (Fig. 9.7a).  Already by this time 

high values of 700-hPa relative humidity have overspread the southeast coast from Georgia 

to Virginia (Fig. 9.7b), and precipitation is ongoing in this region with the heaviest 

precipitation over eastern North Carolina and Virginia and lighter precipitation stretching 

into the Gulf Coast states (Fig. 9.8).  A small 1 PVU maximum is indicated in the 900–700-

hPa layer across south-central Georgia, with a strong onshore component to the 850-hPa flow 

poleward of this feature (Fig. 9.7c).  The surface cyclone at this time is analyzed at 1010 hPa 

centered east of the Georgia coast (Fig. 9.7d).  At 18 UTC 3 January two lower-tropospheric 

PV maxima are seen, a 1 PVU maximum along the South Carolina coast and a 1.25 PVU 

maximum east of the Virginia Capes (Fig. 9.9c).  An onshore component to the 850-hPa flow 

is associated with each of these PV maxima (Fig. 9.9c), and is directed into the region of high 

700-hPa relative humidity (Fig. 9.9b) and continuing light to moderate precipitation (Fig. 

9.10).   

 The next case on 6–7 January 2002 depicted by the analysis at 18 UTC 6 January 

features a broad upper trough from the Great Lakes region into the southeast (Fig. 9.11a) and 

a the 700-hPa level a large area of high relative humidity is seen ahead of a trough over the 

Ohio Valley, Virginia, and North Carolina (Fig. 9.11b).  Radar shows moderate to heavy 

precipitation ongoing across eastern Virginia and eastern North Carolina, with light to 

moderate precipitation extending as far west as Indiana (Fig. 9.12).  Multiple 1.25 PVU 

maxima in the 900–700-hPa layer are seen in the southern Appalachians with 
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southerly/southeasterly flow at the 850-hPa level into the region of heavy precipitation (Fig. 

9.11c).  The surface cyclone at this time is analyzed with a central pressure of 1002 hPa and 

is located over east-central North Carolina (Fig. 9.11d).   

 

9.2.3 2002–2003 cold season 

 The first case of the 2002–2003 cold season was the earliest in the climatology, 

occurring on October 16, and is examined at 12 UTC.  A broad negatively tilted upper-trough 

extends from the Great Lakes into the Carolinas (Fig. 9.13a), with a large precipitation shield 

extending from northern North Carolina to southern New England (Fig. 9.14) being fed by 

easterly 850-hPa inflow poleward of a 1.25 PVU maximum located over the Delmarva 

Peninsula (Fig. 9.13c).  This PV maximum is located on the cold side of the 998-hPa surface 

cyclone located east of Virginia (Fig. 9.13d).   

 The next case spanned 10–12 December 2002, and at 12 UTC 11 December featured 

a closed upper-low centered over Kentucky (Fig. 9.15a) with lower-tropospheric PV maxima 

of 1.25 PVU in Kentucky and upstate South Carolina (Fig. 9.15c).  East of the eastern PV 

maximum, southerly 850-hPa flow reaches 40 kt (Fig. 9.15c) feeding into a region of high 

mid-level moisture over the Virginias (Fig. 9.15b).  Widespread precipitation is occurring 

from this region westward into the Ohio Valley (Fig. 9.16), well removed from a broad 

surface low offshore of the Carolinas at this time (Fig. 9.15d). 

 The final case of this cold season occurred on 24–25 December 2002, with a broad 

upper trough well to the west of the southeast coast at 18 UTC 24 December (Fig. 9.17a).  

High mid-level moisture values and precipitation cover the Carolinas and Virginias (Fig. 

9.17b), with abundant precipitation occurring across the region, convective in nature from the 
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Carolinas southward and lighter to the north (Fig. 9.18).  A 1.5 PVU maximum is analyzed in 

the 900–700-hPa layer across extreme southwestern Virginia, with high PV values extending 

south into northeastern Georgia, and strong 850-hPa southerly flow occurring east of this 

band of high PV (Fig. 9.17c).  This precipitation is ongoing in a wedge of relatively cool air 

between a 1002-hPa cyclone over northwestern Alabama and surface troughing along the 

coast of the Carolinas (Fig. 9.17d).   

 

9.2.4 2003–2004 cold season 

 The first case of this cold season occurred on 5 December 2003, as an upper trough 

was centered over the upper-Midwest with relatively zonal flow across the southeast at 06 

UTC (Fig. 9.19a).  A closed low extends through the mid- and lower-troposphere over 

Illinois and Indiana, with the highest values of relative humidity extending east from this 

circulation to the Virginia coast (Fig. 9.19b,c).  A 900–700-hPa PV maximum with a 

magnitude of 1.25 PVU is located in south-central North Carolina and 30–40 kt of 

southerly/southeasterly flow at the 850-hPa level is ongoing over eastern North Carolina and 

Virginia (Fig. 9.19c).  This PV maximum is found in the cold sector between a cyclone over 

the Ohio Valley and a weak wave offshore of the Carolinas (Fig. 9.19d).   

 The case of 12 February 2004 features southwesterly flow aloft over the southeast at 

12 UTC (Fig. 9.21a), with a large area of mid-tropospheric moisture from the central Gulf 

Coast to the mid-Atlantic states (Fig. 9.21b).  A convective line is seen in radar imagery from 

the northern Gulf to central Georgia, with light to moderate precipitation extending 

northeastward into North Carolina (Fig. 9.22).  A 1.25 PVU maximum in the 900–700-hPa 

layer is seen along the Alabama-Georgia border, with strong southwesterly/southerly flow 
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east of the feature in eastern Georgia and South Carolina (Fig. 9.21c).  The PV maximum and 

the precipitation are located poleward of a weak 1014-hPa surface cyclone located along the 

Gulf coast at this time (Fig. 9.21d).   

 The final case occurred during the period from 25–27 February 2004.  At 12 UTC 26 

February a strong upper trough in the southern-stream is centered over Alabama (Fig. 9.23a), 

with a band of high relative humidity stretching from Tennessee to offshore of the Carolinas 

(Fig. 9.23b).  Multiple PV maxima in the 900–700-hPa layer are seen, one in northern 

Mississippi and a second in the southern Appalachians, with a large area of onshore flow at 

the 850-hPa level along the southeast coast (Fig. 9.23c) feeding into an area of light to 

moderate precipitation over the Carolinas (Fig. 9.24).  At the surface, only a broad area of 

low pressure is seen east of Georgia (Fig. 9.23d).   

 

9.3  Discussion 

 Over a period of four cold seasons, 11 events were identified where a PV maximum 

in the lower troposphere (defined here as the layer from 900–700 hPa) was found in the cold 

sector of an extratropical cyclone.  Generally these PV maxima were seen over the Atlantic 

coastal states from Georgia to Virginia, north or northwest of the surface cyclone center, with 

an onshore component to the 850-hPa flow eastward or poleward of the PV maximum.  Four 

of the 11 events appear to have been associated with secondary cyclogenesis offshore of the 

southeastern U.S. coast, with the coastal cyclone separated from the primary cyclone by an 

Appalachian CAD event.  The other seven cases appear to be associated with a single surface 

low, although none of the cyclones were particularly intense in the NARR; with only one 

event featuring a cyclone with a central pressure less than 1000 hPa.   
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 Without performing a PV budget and PV inversion, it is impossible to determine with 

certainty that these analyzed PV maxima were diabatically-generated, or what contribution 

they made to the moisture transport and cyclone development in these cases.  In some cases, 

the influence of these PV maxima may be reduced to the effects of friction or deformation 

(Davis and Emanuel 1991). However, these results suggest that diabatically generated PV 

maxima in the cold sector of surface cyclones in the southeastern U.S. could be important in 

several events per cold season.  Although no cases were seen in the last four cold seasons 

with a PV maximum of the magnitude observed in the 24–25 January 2000 case, these results 

do suggest that lower-tropospheric PV maxima could be a factor in a several cyclone events 

during a given cold season, and that forecasters should be aware of their representation, or 

misrepresentation in model forecasts; as even relatively small changes in the magnitude or 

direction of moisture flux could result in significant differences in the precipitation 

distribution for a given event. 
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Dates of cases in climatology 

25–26 November 2000 

15–16 March 2001 

19–21 March 2001 

2–4 January 2002 

6–7 January 2002 

16 October 2002 

10–12 December 2002 

24–25 December 2002 

5 December 2003 

12 February 2004 

25–27 February 2004 

 

Table 9.1.  List of cases used in climatology. 
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10. SUMMARY AND CONCLUSIONS 

 

10.1 Overview 

 This study examined the formation and impact of a diabatically generated lower-

tropospheric PV maximum associated with the 24–25 January 2000 East Coast snowstorm.  

An initial examination of the evolution of this case showed that the operational models were 

unable to forecast a large area of incipient precipitation (IP) that formed between 06 and 12 

UTC 24 January over Alabama and Georgia.  These operational models were subsequently 

unable to produce heavy precipitation in the region where heavy snowfall occurred.  Also, 

the operational models were unable to deepen the cyclone to the degree observed and tracked 

the cyclone too far offshore.  Within the framework of PV thinking it was hypothesized that 

the IP generated a lower-tropospheric PV maximum that was important to the inland 

moisture transport and cyclone track and development.  This hypothesis was tested by 

calculating a PV budget and performing piecewise PV inversion on output from a MM5 

simulation of this event.  

The presence of convection in the IP feature was suggested by both radar data and 

surface observations, despite the presence of a cold, stable surface airmass over the Gulf 

coast states at the time of IP generation.  This evidence raised the possibility that elevated 

gravitational and/or slantwise convection played a role in the evolution of the IP feature.  

Given the configuration of the operational models at the time of this event, it is unlikely that 

they could properly generate elevated gravitational or slantwise convection, as the 

configuration of BMJ cumulus parameterization scheme in the NCEP Eta model did not 

check for instability more than 130 hPa above the model surface.  Therefore, the scheme 
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would not activate if instability was located above this level.  Also, both the horizontal and 

vertical grid spacing of the Eta model at the time of this event were inadequate to properly 

resolve slantwise convection.   

Given the inability of the operational models to represent the IP feature and the 

possibility that elevated convection played a role in the formation of the IP, an 18-member 

WRF model ensemble was run to test the sensitivity of the representation of the IP to initial 

conditions and model physical parameterizations.  Additional deterministic model 

experiments were performed to test the sensitivity to changes in CP scheme parameters, 

model grid spacing, and initial condition time.  Finally, to place the 24–25 January 2000 

event in context, a climatology was performed over four cold seasons to identify extratropical 

cyclones along the southeast U.S. coast where cold-air PV maxima west of the surface 

cyclone center may have been important to moisture transport and cyclone evolution. 

 

10.2 Case summary 

A synoptic overview of the 24–25 January 2000 case showed that the surface 

cyclogenesis was forced by a mobile upper-trough and jet streak system that moved from the 

Plains to the Southeast by 12 UTC 24 January.  By this time the IP feature was clearly visible 

in satellite and radar imagery and a closed surface cyclone was analyzed over northern 

Florida.  The cyclone tracked northeastward along a coastal front to a position offshore of the 

Carolinas by 00 UTC 25 January as it deepened rapidly; attaining a minimum central 

pressure of 991 hPa.  Over this 12-hour period the cyclone evolution closely resembled the 

instant occlusion conceptual model (Fig. 2.6), as the IP feature represented a cold air cluster 

that merged with a large-scale baroclinic zone offshore of the southeastern states.  
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Developing precipitation in the comma head region of the cyclone spread rapidly northward 

from the Carolinas into southern New England by 12 UTC 25 January, while the surface 

cyclone had moved east of the Virginia Capes, deepening to 983 hPa.  Development also 

continued aloft, as the upper trough at the 500-hPa level closed off along the southeast coast 

and significant downstream ridging occurred aloft, consistent with Sutcliffe-Pettersen self-

development and the rapid deepening of the entire cyclonic system.  A similar evolution was 

also seen in the PV framework; as all of the major PV features identified by Reed et al. 

(1992) and Stoelinga (1996) and shown in Fig. 2.5 associated with a mature extratropical 

cyclone were present: an upper-tropospheric PV maximum, a surface θ maximum, a lower-

tropospheric PV maximum associated with the IP feature, and an upper-tropospheric PV 

minimum downstream of the region of strong latent heating. 

An evaluation of the operational forecasts from the NCEP Eta and AVN models 

initialized at 00 UTC 24 January showed that both failed to forecast critical aspects of this 

event, including the potency of the upper-trough/jet system, the depth and track of the surface 

cyclone, and the presence of the lower-tropospheric PV maximum associated with the IP.  

These errors resulted in the models severely underforecasting the extent and intensity of 

precipitation in portions of the Carolinas and Virginia that received heavy snowfall.   

Analyses and observations indicated that the IP formed in a region of gravitational 

conditional instability and conditional symmetric instability (CSI) situated above a cold, 

stable surface layer.  Radar data show that echoes first formed in the area where the frontal 

inversion intersected the 850-hPa level as forcing for ascent associated with the upper 

trough/jet system overspread the region.  Banding features were seen in mosaic radar 

imagery and the IP increased in coverage and intensity between 06 and 12 UTC, with 
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numerous reports of thunder in surface observations after 10 UTC across Alabama, Georgia 

and the Florida Panhandle.  Quasigeostrophic (QG) forcing for ascent increased over the 

region as indicated by mid-tropospheric Q-vector convergence ahead of the upper trough by 

12 UTC.  Cross-sectional analyses suggest that air parcels undergoing forced ascent along the 

frontal inversion became saturated and were able to realize the elevated convective 

symmetric instability (a mixture of gravitational CI and CSI).  During the 6-h period ending 

at 12 UTC 24 January, several surface stations reported more than 10 mm of precipitation 

across Alabama and Georgia.   

Forecasts from the operational Eta and AVN models were inadequate in their forecast 

of forcing for ascent, instability, and moisture associated with the IP feature.  Both models 

restricted significant precipitation to the immediate Gulf coast and offshore waters prior to 12 

UTC, as the IP feature was unforecasted by both models.   

 

10.3 Impact of diabatically generated PV maximum 

Due to their inability to forecast the IP, a major feature absent in the operational 

model forecasts of this event was the lower-tropospheric PV maximum associated with the 

IP.  Results from a PV budget computed on output from an MM5 simulation show that the 

PV maximum initially formed over Georgia and moved to the coast of South Carolina where 

the PV growth was maximized due to latent heating associated with the IP in a region where 

background values of absolute vorticity and static stability were large.  As the PV maximum 

matured, a balance developed between the non-advective PV tendency and the vertical PV 

advection that maintained the PV maximum.  The results of the PV budget showed non-
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advective PV growth rates sufficiently large enough to account for the observed PV growth, 

confirming that the PV maximum was generated by the latent heating associated with the IP.   

To quantify the impact of this diabatic PV maximum on the moisture transport and 

cyclone development, piecewise inversion of Ertel’s PV was performed on output from the 

MM5 simulation.  All anomalous cyclonic PV in the 950–600-hPa layer was inverted, 

resulting in a cyclonic circulation that produced onshore lower-tropospheric flow poleward 

of the PV anomaly that strengthened from 20 kt to 40 kt across the Carolinas and Virginia.  

This onshore flow resulted in a significant moisture flux into the region of heavy snowfall 

that was comparable to the total moisture flux over this region; suggesting that the PV 

maximum was a significant factor in the transport of moisture into the region of heavy 

precipitation.  This finding is consistent with Whitiaker et al. (1988), who showed that a 

diabatic PV maximum contributed positively to the moisture transport in the 1979 Presidents’ 

Day storm.  The low-level jet associated with the PV maximum is consistent with the 

findings of Lackmann and Gyakum (1999) and Lackmann (2002), who showed that 

diabatically enhanced low-level jets were important in the transport of moisture along cold 

fronts in the Pacific Northwest and central U.S., respectively.  The balanced flow from the 

PV maximum also produced forcing for ascent due to lower-tropospheric warm advection 

over the Carolinas, which was confirmed by the convergence of piecewise Q-vectors in this 

area.   

Lower-tropospheric warm advection due to the diabatically-generated PV maximum 

also enhanced the low-level baroclinity along the southeastern U.S. coast by advecting 

warmer values of 950-hPa θ northwestward toward the southeast coast.  The increased 

baroclinity, in combination with the –160 m geopotential perturbation associated with the PV 
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maximum at the 850-hPa level west of the surface cyclone center were significant positive 

contributions to the development of the cyclone by the diabatically-generated PV maximum.  

This result is in agreement with Davis and Emanuel (1991), Davis et al. (1993), and 

Stoelinga (1996) who found that a diabatically generated PV maxima contributed positively 

to the cyclone’s intensity and/or its associated circulation.  However, the result in this study 

is unlike that of by Davis (1992) where the diabatic PV maximum prevented interaction 

between the upper-tropospheric PV anomaly and the surface potential temperature anomaly, 

or Ahmadi-Givi et al. (2004) where the PV maximum in the upper troposphere was 

weakened by the effects of latent heating.   

Aloft, the flow associated with the lower-tropospheric PV maximum was weak but 

acted act to amplify the upper-tropospheric wave by advecting high values of PV eastward 

and low values of PV downstream into the region of upper-level ridge development.  This 

finding suggests a positive interaction between these diabatic PV maximum and the upper-

level anomaly, but less prominent than that found by Stoelinga (1996), where this interaction 

was the dominant one in that cyclogenesis event. 

 

10.4 Modeling studies 

Given the importance of this PV maximum generated by the IP feature, and the 

failure of the operational models to forecast it; the sensitivity of a numerical model’s ability 

to generate the IP with respect to initial conditions and model physics was tested in an 18-

member ensemble using the WRF model.  The initial conditions were provided by the EDAS, 

GDAS and RUC analyses; while the physical parameterizations of cumulus convection, 

boundary layer processes, and surface fluxes were varied.  The 18-member ensemble mean 
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failed to capture the IP feature or the inland extent of precipitation over the Carolinas and 

Virginia later in the event.  Despite variations in CP scheme, no ensemble member was able 

to generate convective precipitation north of the surface front; however some individual 

members did produce precipitation farther north into Georgia by 12 UTC 24 January.  At the 

end of the simulations at 12 UTC 25 January the ensemble mean surface cyclone was 9 hPa 

weaker than the analyzed cyclone and located too far southeast; however the spread about the 

ensemble mean exceeded 8 hPa in the vicinity of the cyclone, suggesting large variability in 

the location and intensity of the cyclone between the individual members.  The members 

initialized from the GDAS analysis had the poorest forecast of the cyclone and precipitation 

shield, while significant variability was seen due to physics variations in the members 

initialized from the EDAS and RUC analysis.  The ensemble-mean precipitation totals 

confined the heaviest precipitation to the eastern portions of the Carolinas, with a total of 

only 1–2 mm at RDU.   

Despite the fact that the observed evolution of this event fell outside of the envelope 

of the ensemble solution, the lower-tropospheric PV structure was important to the moisture 

transport and cyclone evolution, as the inland extent of the precipitation in individual 

ensemble members was correlated with the lower-tropospheric PV distribution offshore of 

the Carolinas.  Ensemble members with a second PV maximum closer to the coast west of 

the cyclone center generated heavier precipitation farther inland, suggesting that a near-shore 

PV maximum was important in modifying the lower-tropospheric flow and moisture 

transport.  This finding is consistent with the results of the PV inversion in section 6 and 

Brennan and Lackmann (2005). 
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For further analysis, the ensemble members were partitioned into three initial 

condition mini-ensembles with six members each, sorted by the initial condition analysis 

(EIC, RIC, and AIC).  Of these three mini-ensembles, the EIC ensemble mean produced 

precipitation farthest west into the Carolinas and Virginia, despite the poor forecast produced 

by the operational Eta model initialized from this analysis.  This result strongly suggests that 

the model solution of this event is sensitive to model physics.  On the other hand, the large 

differences seen between the EIC, RIC, and AIC ensemble means also suggest that 

significant sensitivity can be attributed to variations in initial condition analyses.   

To quantitatively compare the variance contributed by model physics and initial 

conditions, the ensemble was further partitioned into six physics mini-ensembles with three 

members each.  The average variance from the physics ensembles was compared to that from 

the initial condition ensembles for two parameters: sea-level pressure inside the 1000-hPa 18-

member ensemble mean isobar at forecast hour 30, and the 36-h total precipitation inside a 2º 

× 2º box over southeastern North Carolina.  Results from these computations found that the 

variance due to varying initial conditions was 4–5 times that due to varying model physics.  

These results are strong evidence that the solution of this event was more sensitive to 

variations in model initial condition analyses than model physics, although the variance 

attributable to model physics was not insignificant.  It is important to note that the poor 

forecast of the ensemble members initialized from the GDAS analysis is likely responsible 

for a large part of the variance due to initial conditions.  Also, a more sophisticated method 

of generating initial condition perturbations (e.g., bred vectors, Monte Carlo method, adjoint 

model) could result in a different ratio of variance due to initial conditions and model 

physics, as Kleist and Morgan (2005) were able to improve the simulation of this event by 
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altering initial conditions based on the identification of sensitivity gradients in an adjoint 

model study of this event.   

Given the inability of any of the ensemble members to generate the IP feature and its 

associated PV maximum, despite using a wide variation of model physics and initial 

conditions from the 00 UTC 24 January analysis time, several deterministic model 

experiments were performed to test sensitivity to changes in the CP scheme, model grid 

spacing, and initial condition times.  Two modifications were made to the Kain-Fritsch (KF) 

CP scheme in the WRF model; the depth requirement for an unstable layer was reduced from 

50 hPa to 25 hPa and the depth over which the scheme checks for instability was extended to 

500 hPa above the model surface.  Despite these modifications, the KF scheme was still 

unable to activate north of the surface front and little additional precipitation was produced in 

the region where the IP formed; suggesting that the thresholds of these parameters in the 

trigger function of the KF CP scheme were not a major factor in the representation of the IP 

feature.   

To test the sensitivity of IP representation to model grid spacing, a nested WRF 

simulation was performed where the outer (inner) domain had 12-km (4-km) grid spacing 

and was run with the KF CP scheme (no CP scheme).  The simulation was initialized at 00 

UTC 24 January from the 40-km RUC analysis and no feedback was returned to the outer 

nest from the inner.  Results from the 4-km domain showed that precipitation formed aloft 

around 06 UTC in the region of IP formation over central Alabama above a layer of CSI 

where vertical velocity was maximized in the mid-troposphere.  Evidence of CSI was found 

in numerous cross sections in the region, along with gravitational CI.  Buckling of absolute 

geostrophic momentum surfaces was a sign of adjustment to slantwise convection, consistent 
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with the findings of Balasubramanian and Yau (1994b) and Thorpe and Clough (1991).  This 

buckling is further evidence that CSI played a role in the initial stages of IP formation.  The 

degree of instability, vertical velocity and precipitation was reduced in the 12-km simulation, 

consistent with Persson and Warner (1993) who found that increased horizontal and vertical 

grid spacing would delay the onset of CSI induced circulations and reduce their intensity.  

These features were even less robust in the 20-km simulation RUCKMY, strongly suggesting 

that the representation of the CSI would be even more degraded in the operational model 

forecasts, as they were run with even coarser grid spacing.   

Ultimately, even the 4-km simulation was unable to fully reproduce the IP and its 

associated lower-tropospheric PV maximum seen in analyses of this event.  However, the 4-

km simulation was more effective at producing heavier precipitation farther inland than any 

other simulation initialized at 00 UTC 24 January, likely due to the evolution of convective 

latent heating offshore of the southeast U.S. later in the event.  This improved forecast of the 

event with an increase in model resolution is consistent with the findings of Zhang et al. 

(2002).  However, this result supports the findings from other simulations and observations 

that an additional PV maximum separate from that directly associated with the surface 

cyclone center was important to the degree of moisture transport into the heavy snowfall 

region. 

Finally, a WRF simulation identical to ensemble member RUCKYS was initialized 

from the RUC analysis at 03 UTC and 06 UTC 24 January to quantify how much the forecast 

of the IP feature and the subsequent cyclone evolution and precipitation distribution could be 

improved by initializing the model at later times.  Successively later initial times resulted in a 

substantial improvement in the model’s ability to generate the IP feature and its associated 
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PV maximum.  The end result of both simulations was a dramatic increase in the coverage of 

total precipitation over the Carolinas and Virginia, as the total precipitation at RDU increased 

from 1 mm in RUCKYS to 10–15 mm in the simulation initialized at 03 UTC and to more 

than 25 mm in the simulation initialized at 06 UTC.  This result supports the finding that 

initial conditions were important to the successful forecasting of this event and re-iterates the 

importance of proper representation of the IP feature to the distribution of heavy precipitation 

in the comma head region of the cyclone. 

 

10.5 Climatology 

A climatology was performed over four cold seasons (Oct.–Apr.) from 2000–2001 

through 2003–2004 to identify cases where lower-tropospheric PV maxima in the cold sector 

of extratropical cyclones along the southeast U.S. coast may have played a role in moisture 

transport.  Eleven potential cases were identified; an average of three to four cases per cold 

season, with seven of the events occurring in December, January, or February.  Of the 

remaining four events, two occurred in March with one each in October and November.  The 

majority of the cases (seven) were associated with a single surface cyclone, while the other 

four were associated with secondary coastal cyclogenesis.  Nearly all of the cases (10) 

occurred with surface cyclones of modest intensity where the minimum central pressure 

exceeded 1000 hPa.  In all of the cases, strong lower-tropospheric winds were seen poleward 

or eastward of a PV maximum, consistent with the enhancement of the wind field in these 

areas by the cyclonic circulation associated with the PV maximum.  A high degree of 

variability was seen in the structure, size, and intensity of the PV maxima in these cases, 

suggesting that their impact would be highly case dependent.  However, this climatology 
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suggests that these features could play a role in moisture transport in extratropical cyclones in 

the southeastern U.S. at least a few times during a given cold season.   

 

10.6 Conclusions  

Revisiting the questions to be addressed in this study from section 1.2, the major 

findings are summarized below: 

• Latent heating from the IP was associated with the generation of a diabatic lower-

tropospheric PV maximum. 

• This PV maximum was the critical feature that drove the moisture transport into the 

region of heavy precipitation in the Carolinas and Virginia; it also generated lower-

tropospheric forcing for ascent and contributed to a track of the surface cyclone closer 

to the coast. 

• The operational model forecasts of this event failed to generate the IP feature and the 

critical PV maximum, leading to poor QPF over the region of heavy snowfall. 

• The IP was forced by an approaching upper-trough/jet streak in a region of elevated 

CSI and gravitational CI. 

• The operational models underestimated the magnitude of both the forcing and 

instability associated with the IP and were unable to forecast its formation. 

• Large sensitivity was found in model simulations to both initial conditions and model 

physics with respect to the formation of the IP, precipitation distribution, and cyclone 

development; sensitivity due to initial conditions was four to five times larger than 

that associated with model physics. 
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• A high-resolution 4-km WRF simulation was able to generate precipitation in the 

region of IP formation and indicated the presence of elevated CSI and gravitational 

CI, consistent with analyses at that time; this simulation showed adjustment to 

slantwise convection through buckling of absolute geostrophic momentum surfaces, 

suggesting that CSI played a role in the initial formation of the IP. 

• The magnitude of the instability, vertical velocity, and precipitation was reduced in 

model simulations with coarser grid spacing, strongly suggesting that the ability of a 

model to fully resolve the effects of elevated slantwise and gravitational convection in 

the IP formation is sensitive to vertical and horizontal grid spacing. 

• Diabatic PV maxima may be important in three to four extratropical cyclone events 

per cold season in the southeastern U.S.  

 

This case study has shown that latent heating associated with precipitation in the cold 

sector of an extratropical cyclone can play a critical role in determining the distribution of 

precipitation downstream.  Coarse grid spacing likely prevented operational NWP from 

representing the effects of CSI and elevated convection and hindered their ability to generate 

the IP and its impact on the PV distribution.  The absence of the IP and its associated PV 

maximum was responsible in part for the poor forecast of this event by the operational 

models initialized at 00 UTC 24 January.  Higher resolution model simulations were better 

able to represent the elevated instability and the forecast of the IP was improved, as was the 

distribution of precipitation downstream.  The presence of a lower-tropospheric PV 

maximum west of the surface cyclone center was consistently seen in model simulations that 
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produced heavy precipitation farther inland, and is consistent with the analyzed evolution of 

this event.   

The findings of this study suggest that there may be synoptic-scale cyclone events 

where a small-scale physical process that is not explicitly resolved or parameterized, such as 

elevated slantwise convection can play a critical role in the evolution of the cyclone event.  

In such cases, a single high-resolution deterministic model run may be more useful than an 

ensemble of lower resolution models that are unable to resolve the critical physical processes.  

Since current operational NWP models are still run with CP schemes and have insufficient 

grid spacing to properly resolve the effects of slantwise convection, the potential exists for 

cases to occur where the operational models may be unable to represent a cold-air 

precipitation feature associated with elevated gravitational and slantwise instability.  In such 

a case, the result could be an erroneous representation of the lower-tropospheric PV 

distribution and poor forecasts of downstream moisture transport, cyclone track, and cyclone 

intensity.  Operational forecasters should be aware of this possibility and use available 

observations and high-frequency model analyses to evaluate model forecasts of precipitation 

and the impact of latent heating on the PV distribution.  This awareness, in combination with 

an understanding of the potential feedbacks from precipitation (in NWP models and in 

reality) onto atmospheric dynamics could allow forecasters to know when and how to adjust 

model guidance to hopefully improve forecasts of high-impact cyclone events.  

 

10.7 Future work 

Future research on this particular case could attempt to use a model with grid spacing 

finer than 4 km to simulate the formation of the IP to test if the representation of the 



 359

instability, vertical velocity, and IP development continues to improve with increased grid 

spacing.  The use of tools to generate more robust initial condition perturbations, such as 

adjoint modeling, could also prove useful in generating a more dispersive ensemble that may 

better capture the uncertainty associated with the representation of the IP.  Additional 

experiments initializing an NWP model with hydrometeor fields, a so called “hot start”, 

could be performed in to test the impact of include the effects of the IP after its initial 

formation in a model with grid spacing too coarse to properly generate it.   

Additional cases studies on other events, such as those identified in the climatology in 

section 9, are needed to quantify the impact of these diabatic PV maxima on a wide-spectrum 

of cyclone event, both in the southeast U.S. and in other regions where these cold air 

precipitation features may be more common.  Additional studies need to be undertaken on 

so-called “false alarm” cases, where NWP models predict the formation of a lower-

tropospheric PV maximum due to grid-scale or convective precipitation that does not 

materialize in reality.  Studies such as these could provide a better understanding of how 

misplaced latent heating could impact NWP forecasts of QPF and cyclone development, 

possibly by producing erroneously strong moisture flux and over-intensifying the cyclone.   
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