
ABSTRACT 

BROWN, ZACHARY GORDON.  Mesoscale Precursors to the Hurricane Gaston Flooding 
Event as Diagnosed from Observations and Numerical Simulations. (Under the direction of 
Drs. Yuh-Lang Lin and Michael L. Kaplan) 
 
 The causes of severe flooding in Richmond, Virginia during the passage of Hurricane 

Gaston on 30 August, 2004 are explored using an ingredients based methodology and 

numerical simulations.  Gaston’s precipitation was unusual as the worst flooding occurred 

more than a day after landfall and was focused over a very small area.  The convection was 

observed to produce tornados and was especially intense between the hours of 1500 UTC on 

30 August and 0000 UTC 31 August.   

 The first part of this study uses the ingredients method to focus on the key factors that 

lead to the heavy rainfall.  High convective available potential energy (CAPE) due to 

shortwave radiational heating and a steady supply of moisture advecting off the Gulf Stream 

were the keys to explosive convective growth and maintenance.  The convective line 

appeared to organize along a convergence band rotating around Gaston that later became 

phased with a baroclinic zone formed by differential solar heating between the cloudy and 

clear skies.  This low level organization occurred under an area of low inertial stability in the 

upper troposphere as indicated by the RUC20 analysis.  It was theorized that the low inertial 

stability in the upper level mesoscale ridge north of Gaston could account for the longevity of 

the convective system, but the observational datasets available were of insufficient resolution 

to make a determination.   

 The Non-hydrostatic Mesoscale Atmospheric Simulation System (NHMASS) was 

then run to increase the resolution of our dataset and to explore the ability of a numerical 

model to simulate a complicated tropical convective system.  Experiments on the initial 



 

datasets resulted in the Global Forecast System (GFS) analysis being chosen and a moisture 

synthesis scheme was implemented to improve the moisture and cloud representation in the 

model.  An outer grid with spacing of 18 km was run with inner grids nested at 6 km and 2 

km.  The 6 km and 2 km grids produced a similar rainfall pattern to observations and were 

used for further dynamical analysis.  This revealed the presence of a tropospheric-deep 

mesoscale convective circulation in conjunction with the precipitation system.  It is shown to 

have similarities to mesoscale convective complex (MCC) circulations that exploit weak 

inertial stability in the upper troposphere for maintenance.  The inertial stability turns to 

instability once the convective updrafts perturb the upper troposphere creating a convective 

symmetric instability that drives the circulation and maintains the heavy precipitation rates 

for the duration observed.   
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1.  INTRODUCTION 

1.1  Purpose 

 Hurricane Gaston made landfall in South Carolina on 29 August, 2004, as a minimal 

Category 1 hurricane (Figure 1).  On 30 August, over 12 inches of rain fell in the Richmond, 

Virginia, metro area causing extensive flooding, eight deaths, and nearly $20 million in 

damage.  The event was largely unforecast as the Hydrometeorological Prediction Center 

(HPC) and the NCEP North American Mesoscale model (NAM) both called for near an inch 

of precipitation (Figure 2).  The goal of this study is to identify the factors that combined to 

produce the heavy precipitation and explore ways modelers and forecasters can improve 

precipitation prediction methods for future events involving decaying tropical cyclones 

(TCs).   

 The traditional measures of TC strength are surface barometric pressure and wind 

speed.  These measurements, however, do not measure what had become the leading killer in 

TCs at the end of the 20th century:  inland freshwater flooding.  Of the 600 deaths directly 

attributable to tropical cyclones in the United States from 1970 to 1999, 351 were due to 

freshwater flooding with about 300 of these occurring in inland counties (Rappaport 2000).  

It has been shown that tropical cyclone intensity does not strongly correlate to precipitation 

after landfall (Hilderbrand 2005).  In fact, some of the most damaging tropical cyclone 

flooding in the United States has occurred after storms of relatively modest strength moved 

inland.  An extreme case in point would be Tropical Storm Allison (2001), which was the 

costliest disaster ever for the city of Houston, Texas, where over 930 mm of rain fell over 5 

days, claiming 22 lives (Beven et al. 2002). 
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 It is our hypothesis that heavy rainfall events from landfalling TCs share common 

ingredients that include a divergent upper troposphere, surface baroclinic zones, and 

lower-tropospheric moisture convergence, regardless of scale.  Mesoscale circulations 

created by atmospheric instabilities drive the precipitation in Hurricane Gaston and may 

be endemic to the mid-Atlantic in TC landfall situations.  The listed ingredients are 

common to most flash-flooding events, but are often arranged in unique ways for landfalling 

TCs in the Mid-Atlantic region of the eastern United States.  We will use Hurricane Gaston 

to highlight the specific patterns that render this region prone to flooding events.  

1.2  Background 

 Since the traditional measures of tropical cyclone intensity are not useful precipitation 

predictors, forecasters must use alternate methods to forecast the flooding potential of 

landfalling TCs.  Research dating back to the 1930s shows that meteorologists were aware 

that TCs undergo a “transitory stage” upon moving into the mid-latitudes in which their 

warm and nearly symmetrical core transitions to a cold and asymmetric core (Pierce 1939).  

This process, known as extratropical transition (ET), has been the focus of much of the TC 

precipitation research since.  In a series of papers studying the precipitation distribution and 

flooding of Hurricane Agnes (1972), numerous researchers found that interactions with a 

midlatitude trough/front system was responsible for the precipitation dynamics on both the 

synoptic and mesoscale level.  Well ahead of the storm, heavy rains occurred in an area of 

confluent flow between the midlatitude trough and the outflow of Agnes (Bosart and Carr 

1978) while later on, the same trough provided the large-scale ascent to spur the ET of Agnes 

(DiMego and Bosart 1982a,b).  On the mesoscale, precipitation was focused east of the 
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Appalachians on a boundary created by a modified cold-air damming event (Bosart and Dean 

1991). 

 Cold-air damming was found to be important by Atallah and Bosart (2003) in the case 

of Hurricane Floyd (1999) as well.  Floyd was a very large and powerful storm, although at 

the time of landfall, it had weakened to category 2.  Extensive flooding in North Carolina 

through coastal Virginia claimed 56 lives and cost an estimated $4.5 billion dollars in 

damage (Lawrence et al. 2001).  Forecasts emphasized wind as the major concern with this 

storm as the forward speed increased as it approached the shore.  Conventional wisdom is 

that a slower storm will spend more time in one area, causing a greater flooding hazard than a 

fast moving storm.  Recent studies such as Croke (2005), who performed a climatology of 

hurricanes affecting North Carolina, have found that there is little correlation between a 

storm’s forward speed and the precipitation it produces over a given area.  The conventional 

wisdom does hold true in some cases; tropical storm Allison being one of them.  The storm’s 

incredibly slow movement led to 5 days of heavy rain over one area.  However, Floyd’s 

rainfall occurred while the storm was accelerating and occurred mostly in a 24 hour period. 

 What Atallah and Bosart found to be most important in Floyd was, as in Agnes, the 

interaction with an approaching midlatitude trough and lower tropospheric frontal boundary.  

Their study used a potential vorticity (PV) analysis to track the interactions of the warm core 

hurricane and the cold core upper-level trough.  As the trough approached, the hurricane 

expanded to match the scale of the larger trough, a factor noted in previous studies by 

Molinari et al. (1995, 1997), Bosart and Lackmann (1995), and Bosart et al. (2000) to be 

important for favorable hurricane-trough interaction.  As Floyd expanded and approached the 

Mid-Atlantic States from the southeast, a deep baroclinic zone formed at the boundary 
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between the warm, tropical air of the hurricane system and the cool, dry air of the midlatitude 

trough.  This created the setup for strong lift and precipitation in the onshore flow ahead of 

Floyd.  Accompanying this baroclinic zone was a strong jet streak, enhanced by diabatically 

induced ridging from the growing precipitation shield.  This ridging also served to reorient 

the trough from a positive to a negative tilt.  These interactions manifest themselves as a 

large tropopause fold where the two regimes, tropical and extratropical, combine.   

 Forecasting and modeling Floyd proved to be difficult due to the large impact of 

diabatic effects on the outcome.  Modeling diabatic effects relies on the representation of 

convection in the models, which at the time was completely parameterized (as it is now in 

most operational models).  The models had the greatest difficulty building an appropriately 

strong downstream ridge, limiting feedback interaction between the midlatitude trough and 

hurricane.  Colle (2003) confirmed these results by turning off latent heating effects in an 

MM5 experiment investigating the evolution of the ET of Floyd as it moved north of NC.  

The resulting storm was 25 mb weaker with much less ridging downstream and greatly 

reduced baroclinicity.  A sensitivity simulation with the coastal terrain and Appalachian 

Mountains removed had little effect, leading to a conclusion that terrain was not a factor. 

 While modeling all of the details of a specific ET event has proved difficult, the 

overall understanding of the process has greatly improved.  In a study of North Atlantic TCs 

since 1950, Hart and Evans (2001) found that 46% underwent ET.  Many characteristics of 

Floyd’s ET follow the three-stage conceptual model presented in Klien et al. (2000).  The 

model describes the evolution of a storm’s ET based on the structure as interpreted from 

satellite imagery.  Four important physical processes within the three stages of this model are 

described using Typhoon David as an example: 
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 “(i) environmental inflow of colder, drier (warm, moist) air in the western (eastern) 

quadrant of David’s outer circulation…(ii) the interaction between David and a preexisting, 

midlatitude baroclinic zone to produce ascent over tilted isentropic surfaces; (iii) systematic 

decay and tilt of the warm core aloft in response to vertical shear; and (iv) …lower-

tropospheric frontogenesis.” 

 

 This conceptual model was given credibility by the idealized simulations done by 

Ritchie and Elsberry (2001, 2003).  Their simulation of an idealized vortex interacting with a 

baroclinic zone in a sheared environment verified many of the ideas in Klein et al. (2000), 

but found that the inner core collapse was likely due to mechanically forced subsidence on 

the south side of the storm rather than the intrusion of dry air into the vortex center (2001).  

Ritchie and Elsberry (2001) also note the low level warm core and circulation are very 

robust, persisting through the three-stage ET.  The warm core even strengthens by the third 

stage because of increased subsidence due to convergence aloft.   

 Ritchie and Elsberry (2003) investigates the effect of the upper-trough on the 

extratropical cyclone development using similarly configured idealized simulations (2003).  

Control simulations were performed with no tropical cyclone, but three different upper level 

troughs characterized as weak, moderate, and strong.  The resulting extratropical 

cyclogenesis proceeded in the model as expected, with corresponding lows of 1003, 991, and 

997 mb.  When the TC is introduced to these three simulations, the resulting lows are 967, 

965, and 959 mb respectively.  Thus, the introduction of a TC into the system resulted in very 

similar extratropical lows, indicating that it is the presence of the trough structure and not 
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necessarily the strength of it that is important for a transitioning TC.  Ritchie and Elsberry 

(2003) point to the correct phasing of the TC and midlatitude trough, as in Atallah and Bosart 

(2003) and Bosart and Carr (1978), to be important to enhance upper-level divergence.  

 Tropical Cyclone Bola (1988) produced an extreme amount of precipitation in New 

Zealand (over 900 mm).  Sinclair (1993a, 1994) showed that the precipitation was due to the 

mountainous terrain and successfully replicated the rain distribution with a simple orographic 

precipitation model.  Bola was a transitioning cyclone at the time of the extreme 

precipitation, but a TC does not have to be transitioning for orographic lifting to focus 

precipitation into an extreme event.   

 Witcraft et al. (2005) studied the passage of Supertyphoon Bilis (2000) over Taiwan, 

a country with rugged topography dominated by the Central Mountain Range (CMR).  An 

ingredients methodology for forecasting orographic precipitation is used to diagnose the 

causes of the heavy rainfall.  Orographic flooding ingredients, proposed by Lin et al. (2001), 

which itself is an adaptation of the original Doswell et al. (1996) flash flooding forecasting 

methodology, will be discussed further in the methodology section.  In addition to model 

sensitivity studies that found more accurate precipitation simulations with finer grid-spacing 

and high (low) sensitivity to cumulus (microphysics) parameterizations, Witcraft et al. (2005) 

used the modeling results to perform a moisture budget, concluding that the orographic 

rainfall was the result of moisture convergence induced by flow convergence with moisture 

convergence due to moisture advection contributing a negligible amount.  Also tested was a 

simple moisture flux model that matched up very well with observations and showed that 

orography provided the main forcing mechanism for the vertical motions that lead to the 

heavy rainfall over Taiwan. 
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 Much of the research on ET has focused on reintensification after transition as 

measured by minimum central pressure.  Besides a handful of case studies, research into the 

precipitation processes of ET has largely been a by-product of the intensity studies.  The need 

for improved precipitation forecasting for TC landfall events is highlighted by one of the 

goals set for the U.S. Weather Research Program effort on hurricane landfall (Elsberry and 

Marks 1999):  improving numerical forecasts to make accurate 72-hour quantitative 

precipitation forecasting (QPF) feasible (Elsberry 2002).  In a review paper, Jones et al. 

(2003) summarizes the QPF problem, noting that successful QPF in a transitioning TC 

requires a combination of accurate track, intensity, and structural change forecasts.  Rules of 

thumb will often be inadequate when forecasting for an ET event that may contain significant 

embedded mesoscale circulations and interact with complex terrain.    

2. DATA AND METHODOLOGY 

2.1  The Ingredients Method 

 Doswell et al. (1996) outlines a method for forecasting flash flooding based on the 

presence of certain “ingredients” necessary for the deep, prolonged convection characteristic 

of flash flooding events.  The starting point for this method is a formula based on what 

Doswell et al. (1996) calls an “absurdly simple concept”, that the total precipitation at a 

point, P, is a function of the rainfall rate R and the duration D.  Thus 

 P RD=  (2.1) 

While simple, the equation allows an analysis of each ingredient in order to construct a 

conceptual framework to explain the precipitation event.  Alternatively, the ingredients can 

be quantitatively calculated and/or estimated to measure their relative importance for any 

given forecast or post-event analysis.   
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 The equation can be deconstructed further by examining what goes into producing a 

high rain rate.  If one assumes all water vapor in a parcel is converted into liquid raindrops 

that reach the ground, then the rainfall rate would be equal to the vertical moisture flux, wq, 

where w represents the vertical velocity and q is the mixing ratio of the rising parcel.  

However, all water vapor that goes up does not comes down in the form of raindrops.  A non-

negligible amount is lost to raindrop evaporation, cloud particle advection, or mixed out of 

the cloud completely.  Furthermore, not all water vapor will condense and not all cloud 

droplets will become rain droplets.  None of these are measurable phenomenon, but are 

accounted for when calculating rain rate in an estimated variable known as the precipitation 

efficiency.  Precipitation efficiency, E, is a ratio of the influx water vapor mass to the mass 

falling as liquid water droplets.  With precipitation efficiency included, the instantaneous 

rainfall rate R becomes 

 R Ewq=  (2.2) 

Thus, for a high rain rate, R, at least one of the three variables (E, w, and q) must be high 

with the other variables registering at least moderate values.  If all three variables read 

moderately high, the flash flood potential exists, at least from the rate of the precipitation. 

 But only half of the equation is the rate; we can likewise expand the variable D to 

find what causes long duration events.  As stated by Chappell (1986), flash floods occur 

where many convective cells reach maturity and produce their heaviest rainfall over the same 

area.  Expressing that in an equation, the precipitation duration D is 

 ( ) 1
S SD L C

−
=  (2.3) 

where CS is the system motion vector and LS is the system length.  This provides two 

methods by which a storm could produce rain over an area for an extended duration:  (1) by 
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moving slowly or (2) by containing many precipitating cells or large areas of precipitation 

along the vector of motion.  For example, a squall line with cell motion parallel to the line 

itself will result in a long duration precipitation event, whereas a squall line with most of the 

cells moving at an angle more perpendicular to the line may briefly produce heavy rain, but 

will likely not induce flash flooding due to the short duration of the event.  Rainfall duration, 

therefore, is strongly correlated to environmental vertical wind shear.  

2.2  Data and Modeling 

 Part 1 of this study will apply the Doswell et al. (1996) ingredients method to a 

landfalling TC to determine the cause of a flash flooding event in Richmond, Virginia (RIC).  

Since this research intends to be operationally applicable, precipitation values will be 

expressed in inches rather than millimeters, as it is the unit of measurement used by the 

National Weather Service.  Some of the analysis will follow the procedure of the 

aforementioned Witcraft et al. (2005) study.  Various observational datasets are employed in 

the analysis including the Rapid Update Cycle analysis with 20 km grid spacing (hereafter 

RUC20), the WSR-88D Level-II and III radar data from Wakefield (AKQ) and Raleigh 

(RAX), imagery from the GOES-12 satellite, Stage IV precipitation records (Lin and 

Mitchell 2005), and a manual surface analysis performed on the standard METAR surface 

station plots.  GEMPAK plotting software was used to create most of the images and plots in 

this paper.  Some of the NEXRAD plots were created in GRLevel2 software, which allowed 

for easy generation of cross sections of any radar product. 

 The choice of observational dataset was not arbitrary as significant differences 

existed between the various operational model data assimilation systems.  The RUC20 

(Benjamin et al. 2002) was chosen for its good agreement with the manual surface analysis 
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and with reanalysis datasets such as the National Centers for Environmental Predictions–

National Center for Atmospheric Research (NCEP–NCAR) reanalysis (Kalnay et al. 1996) 

and the North American Regional Reanalysis (NARR) (Mesinger et al. 2006).  The benefits 

of the RUC20 are a 20 km grid spacing and a one-hour analysis update cycle that provides 

higher temporal frequency than most other analyses (usually on a three or six hour 

frequency).  The high temporal frequency of the RUC20 dataset was crucial to capture the 

mesoscale adjustments in the environment critical to explaining the dynamics of this case.  

Further discussion of the datasets can be found in section 4.2.1.   

 Part 2 will describe work done with the Nonhydrostatic Mesoscale Atmospheric 

Simulation System (NHMASS) version 6.4.3 and the development of a moisture synthesis 

system (Kaplan et al. 2000).  Additional simulations were performed with the Weather 

Research and Forecasting model (WRF) and will be discussed in part 2 as well.   

3.  OBSERVATIONS 

3.1  Synoptic Overview 

 A comprehensive history of Hurricane Gaston can be found in Franklin et al. (2005).  

Gaston originated along a cold front moving offshore from the Carolinas.  A broad low 

formed along the weakening front that eventually developed tropical characteristics and 

turned into the 7th named storm of the season at 0600 UTC 28 August, 2004.  Gaston was 

considered a tropical storm when it made landfall on the South Carolina coast around 1400 

UTC 29 August, but was reclassified as a hurricane in the post-storm analysis based on 

Doppler radar velocity data just before landfall.   

 After landfall, Gaston weakened to a tropical depression and accelerated to the north 

ahead of a trough moving into the eastern United States (Figure 1).  After passing through 
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North Carolina with rainfall of 5 to 8 inches, Gaston produced an explosion of convection 

over Southeast Virginia that was responsible for the flooding in RIC.  The precipitation 

began around 1500 UTC 30 August and by 0000 UTC 31 August, Gaston had been upgraded 

to a tropical storm.  The storm’s center crossed Chesapeake Bay and maintained tropical 

storm strength for thirty-six hours as it quickly moved into the Atlantic.  Gaston then became 

extratropical south of the Canadian Maritimes.    

 The atmosphere Gaston moved into in the mid-Atlantic states was largely devoid of 

any temperature gradients, jets, or significant weather at the meso-α or greater scales of 

motion. A ridge of high pressure from the northwest Atlantic extending into coastal Virginia 

is the dominant feature.  Figure 3 (e, f, g, h) shows that no significant synoptic scale low-

level thickness gradients exist across the eastern seaboard for the duration of the event.  

Gaston can be seen in Figure 3 as the low that tracks from South Carolina to the Chesapeake 

around the west side of a high pressure system in the Western Atlantic.  A mid-latitude 

trough/front system digs into the upper Midwest and Great Lakes region but the surface front 

and upper tropospheric jet streak remained west of the Appalachian Mountains until well 

after the Richmond flooding event. Figure 4 illustrates this with a dual-level potential 

vorticity (PV) chart.  Low level PV is characteristic of a warm core tropical cyclone while 

upper level PV is found in mid-latitude cold-core troughs.  In this case, the meso-α scale PV 

signatures during the period of study, defined as 1200 UTC August 30 to 0200 UTC August 

31, 2004, remain separated by a sizeable distance.   

This setup resulted in southwest flow over the mid-Atlantic through the mid- and 

upper-levels and very light winds at the surface preceding Gaston’s landfall.  Temperatures at 

the surface were warm, generally between 24 and 28 degrees Celsius (°C).  Consistent 
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southwest flow throughout the troposphere and warm, moist air in the low levels provides a 

favorable environment for convection. In the upper levels, the approaching jet streak does not 

provide a consistent signal of divergence in the right entrance region (Figure 5), suggesting 

the motions in the jet’s transverse circulation are overwhelmed by regional features.  

Nonetheless, the upper level environment will support the divergent motions necessary for 

deep convection and should not be a limiting factor on the synoptic scale. 

Gaston’s outflow does appear to be interacting with the jet streak by 0000 UTC on 31 

August (Figure 5d).  However, Gaston retains tropical characteristics when it moves back 

into the Atlantic early on 31 August.  The jet streak location and orientation (approaching 

New England from the Great Lakes) means Gaston will exist in the anticyclonic shear on its 

southeast side and that the jet’s right entrance region will eventually move over the area.  

NHC eventually classifies Gaston as extratropical, but not until well offshore and long after 

the Richmond rainfall event.   

 While over land, it would appear that Gaston is not undergoing a strong extratropical 

transition on the synoptic scale, especially not one aided or enhanced by interactions with 

quasi-geostrophic mid-latitude troughs, fronts, or jet streaks.  Increased forward speed as 

well as developing asymmetries in the temperature and moisture fields point to the start of 

the transformation stage (Evans and Hart, 2003), but cross sections through Gaston indicate a 

distinct low level PV maximum that remains intact with no developing or intruding cold-core 

signature (Figure 6).  The wind field around Gaston remains fairly symmetrical as does the 

cloud shield. Indeed, even Robert Hart’s (2003) phase-space diagrams indicate Gaston is 

only beginning to become asymmetric while still a warm-core system at 0000 UTC 31 
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August (Figure 7).  The absence of classical ET signatures or strong synoptic scale 

interactions in this case provided some of the motivation for investigating Gaston. 

3.2  Richmond, Virginia Flooding Event 

Radar indicates the strong convection that caused heavy rain in RIC began as a band 

of showers in northeastern North Carolina at around 1400 UTC (Figure 8).  By 1600 UTC, 

50+ dBz cells can be seen imbedded in a line of strong convection approaching RIC from the 

south.  At 1700 UTC, the convection reaches its peak intensity as the surrounding light 

precipitation is reaching RIC.  The bulk of the convection does not make it to RIC until near 

1800 UTC.  While not as strong as the previous hour, the convection has increased in spatial 

extent.   

By 2100 UTC (Figure 9), the once autonomous line of strong convection had become 

a broad area of moderate to heavy precipitation encompassing many counties.  The 

precipitation maintained this intensity while shrinking in spatial extent over the next 4 hours. 

Precipitation does not completely end in RIC until 200 UTC on 31 August. 

In the initial hours of the heavy precipitation, from 1600 UTC through 2100 UTC, 

isolated short-lived supercells can be identified in the radar reflectivity and velocity data 

(Figure 10).  The Storm Prediction Center (SPC) logs 20 reports of tornados in southeast 

Virginia during this period (Figure 11).  A hodograph from RIC at 1400 UTC shows 

significant low level shear (Figure 12), a common feature in TC induced tornado 

environments (McCaul 1991).  This is important as Doswell et al (1996) identifies supercell 

convection as a flash-flood producing storm type.  Doswell’s concerns about supercell 

characteristics such dry midlevel air and rapid storm motion limiting rainfall are resolved in 
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the case of Gaston by the moist, tropical environment of the mid-Atlantic and the training of 

supercells over virtually the same area along the stationary boundary.   

Extreme rainfall totals were limited to a small portion of southeast Virginia (Figure 

13).  Figure 14 shows that most of the region received less than 4 inches of rain.  The 

majority of the precipitation fell in the 6-hour period from 1800 UTC 30 August to 0000 

UTC 31 August (Figure 15).  This is illustrated in Figure 16 with a time-series from two 

stations in southeastern Virginia:  Ashland and RIC.  The time-series are constructed from 

the hourly METAR observations at the respective stations and show that both stations have 

rainfall starting at the 1754 UTC observation.  Precipitation rates ramp up quickly to a 

maximum and then decline just as quickly. 

3.3 Mesoscale Analysis of Ingredients 

To create the rainfall volumes that fell in RIC in the absence of strong synoptic forcing, a 

number of mesoscale ingredients phasing in just the right manner were necessary.  We will 

focus first on the ingredients that come together to create the high rainfall rates, and then 

examine the causes of the heavy precipitation’s prolonged duration over a single location. 

3.3.1  RAINFALL RATE 

The rainfall rate R is broken down in equation (2.2) into three components:  precipitation 

efficiency E, vertical motion w, and moisture supply q.  Each ingredient will be examined 

separately to determine what accounts for the high rainfall rate in Gaston. 

3.3.1.1  Efficiency 

The least measurable of the variables in equation (2.2) is precipitation efficiency.  Many 

factors, including cloud particle advection, dry air and downdraft entrainment, cloud ice 
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fraction, and droplet size spectrum affect how efficiently a cloud turns inflow water vapor 

into liquid precipitation.  These factors are largely unobservable in the operational sense.  

However, a variable that is routinely calculated that can influence cloud efficiency is relative 

humidity.  A quick assessment of the soundings from nearby sites confirms that the relative 

humidity is high through most of the troposphere, as would be expected in a tropical system 

(Figure 17).  This would act to limit evaporation of liquid precipitating  from the cloud.  

From this, it is logical to assume precipitation efficiency will be high in this case.  Indeed, 

Doswell et al (1996) downplays the importance of precipitation efficiency in most convective 

systems, assuring that the variable is unimportant unless abnormally low.   

3.3.1.2  Vertical Motion 

Vertical motion can be calculated and estimated many different ways.  The RUC model 

calculates omega at specified time steps, not averaged over time, using a 3 part equation 

combining vertical motion through coordinate surfaces, vertical motion of the coordinate 

surfaces, and vertical motion along the coordinate surfaces (Benjamin et al, 2002).  With this 

method, the RUC calculates a bull’s-eye of vertical motion over southeast Virginia from 

1600 UTC through 1800 UTC 30 August (Figure 18).  This is hardly surprising given that 

we’ve shown intense convection to happen at the same time over this same area.    

 Of greater interest is why this vertical motion amplifies at this location rather than 

any other location along Gaston’s track.  The two factors that influence an air parcel’s 

vertical motion are forcing and instability.  While a forcing mechanism is necessary for 

vertical motion, instability is the driving force behind the very large values of upward motion 

found in deep convection.   
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 As Gaston approaches Virginia on 30 August, convective available potential energy 

(CAPE) values spike ahead of the storm.  Figure 19 shows how convection explodes in 

southeast Virginia as a rather inactive confluence band circulating around Gaston approaches 

the area of large CAPE.  Prior to around 1500 UTC, the confluent band only contained weak 

convective cells (Figure 20).  After 1500 UTC, strong cells began forming along the band 

and formed a line of convection with reflectivities above 50 dBz.  If a low level parcel can be 

assumed to follow the streamlines in Figure 20 to a rough estimation, then parcels feeding 

into these cells come from 1.) the warm gulf stream waters offshore of North Carolina and 2.) 

the high CAPE air in Virginia, north of the convection.  

 High CAPE is created by two general scenarios: cooling/drying aloft and/or 

heating/moistening near the surface.  Since synoptic conditions show ridging over the Mid-

Atlantic States and no upper level cold-pool exists over southeast Virginia, the key signal is 

likely very strong surface heating and moistening.  Figure 21 shows that surface heating is 

possible due to a wedge-shaped area of clearing to the northeast of Gaston, coinciding with 

the increasing CAPE values.  As the morning progresses, the clearing becomes obscured by 

some thin high clouds with some spotty convection popping up (Figure 22).  However, these 

thin clouds appear to do little to reduce incoming radiation.  Surface temperatures continue to 

rise through the morning hours in southeast Virginia and northeast North Carolina where 

clouds are absent or thin (Figure 23).  Dew points climb with the temperature, likely due to 

advective processes and evapotranspiration, contributing to the increase in CAPE (see section 

3.3.1.3).  Closer to the center of circulation, where a dense overcast exists, temperatures 

remain stable near 23 °C.  About an hour after sunrise, at 1200 UTC, most of Virginia and 

North Carolina, from the mountains to the coast, register temperatures somewhere between 



 17

23 and 25 °C.  Three hours later, at 1500 UTC, the locations with solar heating have jumped 

4 or 5 °C to between 27 and 29 °C.  Time series of temperature and dew point from Ashland 

and RIC show how dramatically the temperature increases (Figure 24).  Before dawn, 

temperatures had been rising gradually from advection at around 0.8 °C per hour.  In the first 

hour after sunrise, the temperature jumps 2.5 °C with an additional 1.6 °C of warming in the 

second hour.  A model derived temperature profile in the heating region indicates that this 

warming is purely in the planetary boundary layer (PBL), implying that solar heating of the 

ground below is the main cause of the temperature jump and therefore the increased CAPE 

(Figure 25). 

 As part of the observational study, a manual analysis of surface observations was 

performed.  For easy comparison, the analysis was projected onto the RUC20 grid using the 

NMAP graph2grid function.  When compared, the RUC20 analyses performed very well 

with general temperature and pressure patterns at the surface, but often underestimated the 

amplitude of the extremes.  For instance, at 1500 UTC, the temperature maxima in the 

RUC20 over SE Virginia peaks at 29 °C while in the manual analysis, the similarly located 

maxima registers 31 °C (Figure 27).  However, the temperature minimum at 1500 UTC near 

the center of Gaston is 23 °C in both analyses.  Likewise, the baroclinic zone between these 

two features is coincidently located, if less extreme with looser packing of the isotherms in 

the RUC20 analysis.  This manual analysis suggests that the RUC20 is underestimating the 

magnitude of the heating in SE Virginia and NE North Carolina, and therefore 

underestimating the amount of available potential energy (measured by CAPE) available for 

developing convection.  This is found to be a systematic trend in the model analyses of this 

event (see discussion on datasets in section 4.2.1). 
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 Another form of instability that can effect the growth of a convective system is 

inertial instability.  While inertial stability has been discussed in relation to long-lived 

circulation systems such as tropical cyclones (Schubert and Hack 1982; Ooyama 1964, 1969; 

Charney and Eliassen 1964) and MCS midlevel vortices (Menard and Fritsch 1989; Bartels 

and Maddox 1991), inertial instability is often referenced in relation to rapidly developing 

convective systems such as tropical plumes (Mecikalski and Tripoli 1998), mesoscale 

convective systems (MCCs) (Seman 1994), and mesoscale convective complexes (MCCs) 

(Blanchard 1998).  Inertial stability works similar to static stability, but in the horizontal 

rather than vertical, and is generated at the top of the troposphere rather than the bottom.  

Thus, Blanchard (1998) and Seman (1994) concluded that areas of weak inertial stability are 

areas of preferred outflow divergence, resulting in less resistance to the growth of convection 

and the secondary circulations that sustain it.  Therefore, areas of weak inertial stability can 

sustain deeper, stronger, more persistent convection than areas of strong inertial stability.   

 Inertial instability occurs due to an imbalance between the pressure-gradient and 

inertial forces in horizontal flows (Holton 1992).  It is found in areas where geostrophic 

absolute vorticity hg is less than zero in the Northern Hemisphere.  Thus, for  

 ( ) 0g gh f f ζ= + <  (3.1) 

where f is the Coriolis parameter and gζ  is the geostrophic relative vorticity, gζ  must be 

anticyclonic and larger in magnitude than f.  Expressed in natural coordinates and on an 

isentropic surface, relative vorticity θζ  becomes 
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where V is the wind speed, n is a distance oriented normal to the streamline or contour, and 

RS is the radius of curvature.  This form allows for easy visualization of two scenarios shown 

in Figure 28 that would produce strong, negative vorticity:  (1.) the anticyclonic side of a jet 

streak, where the shear value (the first term in the right-hand side of equation (3.2)) is large 

and negative, and (2.) areas of strong anticyclonic curvature (second term in the right-hand 

side of equation (3.2)). 

 To assess the impact of inertial instability on Gaston, absolute vorticity was plotted at 

200 mb (Figure 29), the outflow level as estimated from infrared satellite imagery.  At 1200 

UTC, an area of negative absolute vorticity exists over eastern Virginia, just north of where 

the heaviest convection begins three hours later.  This suggests inertially unstable conditions.  

As the time of convective initiation nears, the inertial stability at 200 mb actually increases 

slightly, as shown by the now positive values of absolute vorticity.  Values never increase 

much above zero however, keeping inertial stability low and unlikely to impede to explosive 

convective growth.  Furthermore, this are of weak stability and instability extends in a ribbon 

towards the northeast, providing a corridor of low resistance for convective outflow to flow 

away from the storm.  This allows the convective line over RIC to maximize updraft 

velocities and efficiently and effectively convert the convective available potential energy 

into kinetic energy.   

 By plotting heights and wind-shear over the vorticity analysis in Figure 29, we find 

that both terms in equation (3.2) contribute to the area of weakened inertial stability (Figure 

30).  In the left panel of Figure 30, the height field indicates a meso-high over southeast 

Virginia with strong anticyclonic curvature along the north side.  The right panel indicates a 

maximum of shear stretched across the same area that we find negative absolute vorticity.  
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This follows the model in Figure 28 and indicates that the southern part of the low inertial 

stability is attributable to the highly curved height lines around the meso-high, while further 

north, the inertial instability is more attributable to strong anticyclonic wind-shear.  This 

setup persists through 1500 UTC and the precipitation event with the shear zone shifting 

north.   

 With an inertially and statically unstable atmosphere, it is easy to see how vertical 

motion values could become large over southeast Virginia at the scale of convection.  The 

marginal forcing of a weak convergence band rotating around Gaston was all that was needed 

to trigger ascent and tap the energy available.   

 It must be noted that the RUC20 analysis is still a relatively coarse dataset to capture 

the effects and atmospheric adjustments associated with the intense convection.  There is 

evidence that the RUC struggles to create a cohesive analysis of the upper troposphere in this 

rapidly changing environment, even with the numerous datasources ingested into the model 

(ACARS, satellite, etc).  Given this, the convective feedback and accelerations at upper 

levels are likely underdone in the RUC, and localized areas of inertial instability may not be 

captured in this dataset.  It is suspected that ridging downstream of the convection is greater 

than analyzed, resulting in lower absolute vorticity and a more inertially unstable upper 

troposphere.  Section 4.2.5 explores this idea with high resolution model runs using the 

NHMASS model. 

3.3.1.3  Moisture supply 

The final ingredient of a high rainfall rate is moisture.  Intuitively, a storm cannot 

deposit large amounts of liquid water onto the ground without a substantial source of water 

vapor to draw from.  Over the ocean, tropical cyclones have little difficulty obtaining the 
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necessary water vapor to sustain their rainfall rates.  The warm ocean below provides a 

limitless reservoir of moisture that is evaporated by the strong near-surface winds and drawn 

into the storm.  Over land, tropical cyclones have greater difficulty finding moisture sources 

to sustain the type of rainfall seen in RIC, VA. 

Gaston, like many storms that have taken similar paths, was never completely 

removed from the ocean and its moisture source.  The cyclonic rotation of TCs means that 

winds on the north side of the storm blow onshore from the Atlantic.  Just offshore of North 

Carolina is the Gulf Stream, a warm anticyclonic current in the North Atlantic Ocean that 

transports warm, tropical water up into the mid-latitudes via the coastal waters of the eastern 

United States.  With the onshore flow, moisture-rich air originating over the warm Gulf 

Stream waters advects directly into the region of convective development (Figure 31).  

Additionally, the NOAA half degree grid, real-time, global, sea surface temperature (SST) 

analysis shows a maximum in SSTs just offshore the Outer Banks of North Carolina, right in 

the fetch of the convective inflow.   

The effect of this can be seen in the observed dew points (as well as any other 

moisture variable).  Figure 32 shows the rise in dew points in southeast Virginia through the 

morning of 30 August.  The rise in dew point is more gradual than the rise in temperature, as 

can be seen in the time series of Figure 24.  Before 1200 UTC, warming and moistening 

occurring in both locations can be attributed to warm advection off of the Gulf Stream.  

When the sun comes up and the temperature spikes, the dew point continues to rise through 

advective processes. Between 0600 UTC and 1200 UTC, there is a three degree rise in the 

dew point, indicating a substantial supply of moisture into the region.   
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Other surface-based moisture processes, such as evapotranspiration and evaporation, 

likely play an important role in moistening the boundary layer for this event.  The extremely 

high dew point values may be a combination of the advective and evaporative effects and 

future model simulations experimenting with various land surface characteristics and sea 

surface temperatures could help quantify the contributions of each.   

In addition, an objective analysis of surface observations needs to be performed for a 

more thorough analysis of the low-level moisture field.  Plots of moisture advection and 

convergence were not presented here, nor were plots of theta-e.  This is due to a dry anomaly 

at the surface just offshore the North Carolina/Virginia border in the RUC20 on 30 August.  

It occurs just downwind of the SST maximum and does not correlate with observations in the 

standard hourly reports.  This anomaly appears to be a problem with the RUC20 analysis and 

caused calculations on the moisture field to be inaccurate and misleading.  Further discussion 

of datasets can be found in section 4.2.1. 

3.3.2  DURATION 

One of the key findings of Cline (2002) is that recurving storms over North Carolina 

can produce flooding rains by effectively slowing the propagation of convection in one 

quadrant of the storm.  In Gaston’s case, propagation of convective cells on the north side of 

the storm slowed when the direction of motion of the storm’s center turned to the east.  At 

this point, the easterly winds in the lower troposphere that are responsible for convective 

motion were effectively reduced by the easterly component of the storm’s motion.  As the 

storm motion vector increased in the easterly direction, it decreased in the northerly 

direction, halting northward progress of an already slow moving convergent line over RIC.  
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This kind of scenario can be analyzed with the ingredients framework by examining 

the components of the duration D, expressed in equation (2.3).  The important distinction to 

make is that the system motion vector Cs refers not to Gaston as an entire system but to the 

squall line precipitation feature that produces the flooding rainfall.  Taken as a whole, the 

system speed of Gaston is increasing.  The individual convective line motion, however, is 

approaching zero (Figure 8 and Figure 9).  In a 12-hour radar loop, approximated by the 

times shown in Figure 8 and Figure 9, the convection over Gaston can be seen rotating 

cyclonically with its pivot point approximately over RIC (Figure 33).  This can account for 

the maximum in precipitation over RIC, even in comparison to other nearby locations with 

heavy rain.   

The easterly turn in Gaston’s track not only slows the motion of the convection, it 

locks SE Virginia into the area of maximum inflow off the Atlantic Ocean.  This is important 

to the duration of the event as the steady supply of moisture provided by this flow is crucial 

to sustain the rainfall rates observed.  This flow into the convective system can be likened to 

a low-level jet (LLJ).  Low level jets are important features for providing moisture and 

convective energy to long-lived convective systems (Augustine and Caracena 1994).  Highly 

organized convective systems, such as the mesoscale convective complex (MCC), are 

particularly dependent on this LLJ to support the massive amounts of rainfall they produce.  

As in Gaston’s case, the LLJ of an MCC is responsible for both the influx of high theta-e air 

and convergent lifting (Trier and Parsons 1993, Augustine and Caracena 1994).  This 

convergent lifting is found at the terminus of the LLJ where the jet overruns a surface-based 

layer of cooler air. 
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In Gaston, the LLJ terminus coincides with a large increase in surface roughness 

length at the coastline.  Winds blowing over the smooth Atlantic waters suddenly encounter a 

rough, inhomogeneous, high-friction, and significantly heated surface at the coastline.  This 

causes a dramatic slowing of wind-speeds (Figure 34) and creates a deeper, more turbulent 

planetary boundary layer (Stull 1988).  If the speed convergence at the terminus of the LLJ is 

considered in relation to the reflectivity (Figure 8 and Figure 9), one can see that the area of 

convergence coincides with the area of convective initiation.  The result is a combination of 

speed-convergence and the pre-existing convergent band rotating around Gaston.  This 

produces a steady stream of parcels lifted to their level of free convection in a lower 

troposphere that is experiencing a constant replenishment of moisture via the LLJ.  Given the 

low static stability and large CAPE values in this case, subtle forcing mechanisms such as 

these can have a large impact. 

This scenario shares many characteristics with Great Plains MCCs that are known to 

be some of the most prolific producers of precipitation on the planet (Fritsch et al. 1986).  

Other similarities include the early occurrence of severe weather in the lifespan of the 

system, linear organization to the convection, a large, cold, and nearly circular cloud shield, 

and persistent moderate to heavy convection over many hours.  Many of these features are 

consistent with squall line convection as well.  While categorization of the precipitation does 

not offer the researcher much value, comparisons to similar types of systems can help narrow 

down the possible dynamics for heavy rain.  In this section, we are most interested in 

maintenance mechanisms.   

While the genesis mechanisms for squall lines and MCCs vary, one feature is 

responsible for the maintenance of both: a surface based cold pool.  The cold pool can vary in 
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size, depth, and temperature, but for a squall-line or MCC to make it to the mature stage and 

last beyond the convective timescale, overrunning of a cold pool must occur.  Numerous 

researchers have shown that TC rainbands differ from extratropical squall lines and MCCs in 

both kinematic and thermodynamic structure (Barnes and Strossmeister 1981, Ryan et al. 

1992, Willoughby 1979, 1990a, 1995), but in a situation where a TC has made landfall and 

entered the mid-latitudes, both continental and tropical dynamics will be at work (Jones et al. 

2003).  Likely, a TC induced convective system over land will not fit the model of either 

tropical or extratropical convection; rather, it will be a blend of both.   

In Gaston, an inactive TC rainband with low level convergence (confluence shown in 

Figure 20a with convergence assumed based on TC rainband structure of Willoughby 1979) 

and minimal low level density gradients (Figure 35a) encounters an environment where a 

temperature gradient is forming along a boundary of differential surface heating (Figure 

35b,c).  The combination of this convergent band with a baroclinic zone establishes an 

environment not unlike those found in Great Plains MCCs.  The cold air near the center of 

Gaston is maintained through evaporational cooling, similar to the cold pools of MCCs and 

squall lines.  A cold pool provides another mechanism to lift parcels to their level of free 

convection and a method of forcing convection if static stability increases.  With the low 

level jet feeding high θe air to the convective system, we have a setup that at least shares 

ingredients with a Great Plains MCC.    

Through the times shown in Figure 35, the previously discussed inertial stability of 

the upper troposphere remains weak.  Blanchard et al. 1998 found weak inertial stability to 

be important for the development of secondary convective circulations and environments of 

weak inertial stability to be the preferred regions of upscale growth for MCCs.  The presence 
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of weak inertial stability over Gaston creates an environment for ageostrophic flow over the 

convection to grow with little impediment by restoring forces.  Divergence over the 

convection could evacuate mass from the upper troposphere efficiently to the north in the 

accelerative flow approaching the polar jet streak’s right entrance region.  If inertial stability 

above the convection had been greater, convective growth would likely have been inhibited 

and the evolution of the system and duration of the rainfall would have been significantly 

different.  Unfortunately, the outflow jet, secondary circulation, and associated mesoscale 

adjustments are unresolvable with the observational datasets currently available.  Therefore, 

the relationship between inertial stability and the rainfall duration will be explored with high 

resolution model simulations in section 4.2.5. 

By 0000 UTC on 31 August, the linear convective feature is nearly north-south in 

orientation and seems to be becoming out of phase with the low-level temperature gradient 

(Figure 35g).  After sundown, the temperature gradient relaxes when nearly all CAPE from 

the afternoon has been depleted by the convection (Figure 35h).  Remaining convection 

quickly dissipates in a total collapse of the precipitation system by 0400 UTC 31 August 

(Figure 35i).  Without the surface based instability or the diabatically created baroclinic zone, 

parcels do not have the energy necessary for convective overturning.  The original 

convergence zone that convection formed on can be seen rotating around the north side of 

Gaston in subsequent radar images with only a sliver of precipitation along it (not shown).  

3.4   Observational Analysis Conclusion 

The phasing of the LLJ terminus, high CAPE values, and upper tropospheric inertial 

instability over southeastern Virginia is largely responsible for the heavy precipitation over 

RIC.  The creation of a mesoscale baroclinic zone along the cloud boundary and subsequent 
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diabatic cooling, along with the curving storm motion, extended the duration of the event.  

The ingredients oriented approach provides a framework for analysis that can be very useful 

to both the forecaster and the researcher. 

Extending the conceptual ingredients model into a quantitative form, we can expand 

equation (2.1) to a moisture budget using the conservation equations for water 

 v l qv qlM M E R S S+ + = + +  (3.3) 

where Mv and Sqv are the convergence and storage of water vapor, respectively, Ml and Sql the 

convergence and storage of liquid water, E the surface evaporation rate, and R the 

precipitation rate (Witcraft et al. 2005).  We can assume Ml to be much less than Mv and E, 

Sqv, Sql to be negligible at this scale.  Thus, we can estimate the total precipitation by 
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where pt is the pressure at the top of the model domain, we can now estimate the 

precipitation from our gridded datasets.  Additionally, we can analyze the terms separately to 

attribute rainfall to either moisture convergence by flow divergence (Term A), or moisture 

convergence induced by moisture advection (Term B).   

 Figure 36 shows that Term A in our moisture budget is dominant.  The precipitation 

is estimated over the duration of the event and the pattern agrees well with observations 

(Figure 14).  The moisture advection term, Term B, is much less than Term A over the period 

of integration.  This is not surprising given the lack of significant gradients in the moisture 
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field east of the Appalachians.  The dominance of Term A in the calculation confirms our 

analysis that flow convergence and divergence drive the precipitation event.   

 The RUC model analysis, while useful and generally accurate, is limited by a 20 km 

grid spacing and a few irregularities in the representation of important features.  The dew 

point anomaly and the inconsistency of the upper air analysis leave room for uncertainties in 

our study where answers should be clear.  The modeling portion of this study (Chapter 4) 

seeks to clarify and extend these results with a more cohesive and higher resolution dataset.  

Future work should include an objective analysis of surface observations to enhance the 

accuracy of our analysis and quantify any errors present in the RUC20.   

4.  MODELING 

 Modern weather prediction has become increasingly reliant on the simulation of the 

atmosphere by numerical weather prediction (NWP) models.  As such, the ability of models 

to predict the motion and intensity of a TC and its effects are of great interest to forecasters.  

Unfortunately, the complex interactions of tropical cyclones and their environment have 

proved to be a difficult challenge for modelers.  Davis and Bosart (2002) find this to be the 

case in their study of Hurricane Diana, stating that “a storm of almost any intensity, ranging 

from a marginal tropical storm to a mature hurricane” could be produced in a numerical 

model depending on the choice of common model variables. 

 In the modeling portion of our study, we will use the NHMASS model to improve 

upon the operational model’s representation of the rainfall.  We will explore the sensitivity of 

the model to various options, with a focus on the initial conditions.  Results from our 

observational study will be compared to the NHMASS simulations for validation and 

extension of our research with a higher resolution dataset.  It is hypothesized that a satellite-
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based moisture synthesis and data assimilation scheme can improve the cloud field 

initialization of the model and lead to an improved simulation of Gaston. 

4.1  Operational Model Performance 

 The two main operational weather prediction models run for the continental United 

States by the National Centers for Environmental Prediction in August of 2004 were the Eta 

(also known as the North American Mesoscale model) and the Aviation (AVN; now known 

as the Global Forecast System or GFS).  Since these weather prediction models are run 

operationally, they must be tuned for stability, efficiency, and accuracy in numerous 

disparate environments.  The result is model configurations that are often not ideal for 

specific events, yet produce reasonable forecasts for most events.  

For Gaston, both operational models produced a reasonably accurate 24-hour forecast 

of the location and timing of the precipitation over southeast Virginia (Figure 37).  Shorter-

term 12-hour forecasts from 1200 UTC on 30 August (not shown) have similar precipitation 

distributions.  The intensity of the rainfall is not captured well by the models. The GFS 

comes closest with a forecast for isolated areas of over an inch of rain.  This is hardly 

surprising given the coarse grid spacing of the GFS, but the 12 km grid spacing of the Eta 

should be able to capture the finer scale of the precipitation amounts seen in the observed 

data.  What really limits the usefulness of the operational models is the lack of detail in the 

space-time evolution of the precipitation shield.  A user of these forecasts could conclude 

that the intensity of the precipitation would remain nearly constant from South Carolina 

through Virginia.  Observations show this to be inaccurate with an approximate doubling of 

the precipitation over Virginia compared to North Carolina.   
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QPF problems are nothing new for numerical models (Olson et al. 1995; Fritsch et al. 

1998; Bosart 2003; Roebber et al. 2004).  The complex and non-linear nature of precipitation 

along with the small scales of motion in convective clouds have resulted in the 

parameterization of convective precipitation processes in most operational weather models.  

The generally accepted upper limit of resolution where the convective parameterization (CP) 

scheme can be turned off and convection explicitly calculated is 4 km (Weisman et al. 1997), 

but is highly variable across the spectrum of convective systems.  We acknowledge that the 

CP scheme may be the source of substantial error in the operational forecasts and in our own 

simulations of Gaston, but we choose not to focus on this source of error because 1.) 

substantial effort has gone into studying and improving  the CP schemes and a study of their 

effects on a tropical cyclone precipitation event could be an entire research project itself, and 

2.) other sources of error were found to be important that could be improved within the scope 

of this study.   

One such source of error is the initial analysis of the environment that operational 

models begin their forecasts with.  In the Eta model, a robust low pressure area exists nearly 

due east of Gaston in the 00 UTC 30 August analysis (Figure 38).  This low pressure area 

and vortex exists in the GFS and is represented in the NARR as a trough with cyclonic wind 

turning, but no closed vortex.  In nature, this low is classified by the National Hurricane 

Center as Tropical Storm Hermine.  At the analysis time, Hermine had a central pressure of 

1005 mb in the NHC best track record.  This puts the Eta analysis closest to the actual 

pressure of the storm with an Eta analysis pressure of 1012 mb.  However, when compared to 

Gaston’s central pressure of 995 mb in the best track data and 1010 mb in the Eta, one can 

see that relative to other features, Hermine is far too strong in the Eta.  The difference in 
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pressure between the two storms at 00 UTC 30 August in the NHC best track is 10 mb.  In 

the Eta model, it is only 2 mb, creating vortexes of nearly the same magnitude.  This error is 

carried through many analysis times in the Eta analysis.  The effect on the forecast is to 

weaken Gaston’s circulation at the expense of this spurious strong low pressure system.  The 

pressure gradient around the east side of Gaston is eroded, weakening the wind-field and 

washing out the tight low center in the F06 and F12 times.  By the time of precipitation at 

F18, Gaston’s low center is poorly defined and the circulation weak, especially in 

comparison to the GFS and NARR. 

The GFS analyzes Hermine as a distinct cyclone at 00 UTC 30 August, but with a 

central pressure 6 mb higher than Gaston’s (Figure 38).  This makes Gaston’s circulation 

dominant and only marginally affected by the smaller storm.  By F18, the pressure and wind 

pattern remain robust around Gaston and the circulation center is still very well defined.  This 

validates well with the NARR and much better than the Eta.  

A key ingredient to the heavy rainfall development is the strong onshore flow off the 

warm Atlantic Gulf Stream waters.  This flow is dependent on a tight pressure gradient to the 

north and east of Gaston for strong quasi-geostrophic flow over the offshore waters.  Also 

important is the downstream ridging over the New England states, likely enhanced by 

diabatic outflow from Gaston. With Hermine breaking down this pressure gradient in the Eta, 

extreme precipitation totals were unlikely to be forecast.  However in the GFS, this pressure 

gradient, while not as strong as in reality (where Gaston’s central pressure was 995 at 00 

UTC on 30 August), is reasonably representative (Figure 38).  The winds are also represented 

with a fair level of accuracy throughout the 00 UTC 30 August model run in Figure 38. 
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If the pressure gradient and low location is accurate, some other component of the 

GFS forecast must be preventing strong convective precipitation from forming over 

Southeast Virginia.  One hypothesis is that the resolution of the GFS (approximately .5 

degrees currently and projected on an 81 km by 81 km grid in our analysis) is insufficient to 

resolve and parameterize convective features responsible.  As seen in the radar imagery 

(Figure 8 and Figure 9) and in the Stage IV rain gauge data (Figure 14), it was a small area 

that received enough rainfall to make flash flooding a concern. 

Another potential source of error comes from the crucial role differential heating 

plays in this case.  The source of convective instability in SE Virginia is surface heating in an 

area left cloudless for the morning hours.  This also forms a baroclinic zone that, from the 

observational analysis, appears to organize convection.  Capturing this feature in the thermal 

field is absolutely crucial to priming the environment for the explosive convection in this 

event.  Figure 39 shows the performance of the Eta and GFS in comparison to the RUC20 

analysis (NARR is not available at 3 hour increments) at 1500 UTC, or at time F15 in the 

forecast cycle, just as the convective line of precipitation is forming and moving into 

Virginia and near the time of maximum heating.  The Eta, with its poorly defined low and 

circulation center, misses the feature completely while the GFS does not appear to have the 

resolution needed to capture the scale of the heating.   

4.2  NHMASS Simulations 

In an effort to improve on the operational model forecasts, the NHMASS model was 

run with numerous options to isolate those that could be important in Gaston and similar 

flash flooding events.  Capturing the surface heating and producing a realistic precipitation 
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distribution were the main goals of our simulations.  The outer grid spacing is 18 km with 1-

way nested grids of 6 km and 2 km  

After testing, a basic set of parameters that would remain constant were chosen for 

the model.  The Kain-Fritsch-2 (KF2) CP, TKE PBL, and Level-3 mixed phase with hail 

microphysics schemes were used for all of our NHMASS model simulations, except for the 2 

km grid simulations which had no CP scheme.  These parameters were chosen for their 

stability in the model and the acceptable results seen in initial runs. 

Three 1-way nested simulations were performed at 18 km, 6 km, and 2 km (Figure 

40).  Results from the 6 km simulation are used most frequently in the analysis as it 

represents many of the meso-α and meso-β scale features of the 2 km, but covers a much 

larger area.   

Since the cloud-cover is critical to the dynamics of this case, a moisture synthesizing 

data assimilation scheme was implemented in the NHMASS model to improve the 

representation of clouds in the initialization data.  The data assimilation scheme is a modified 

version of the scheme documented in the NHMASS model user’s guide.  The main 

modification has been to include GOES 12 Sounder readings as a usable input.   

The moisture synthesizing scheme is essentially a simplified version of the scheme 

used by Hamill et al. (1992).  In the original moisture synthesizing program, infrared satellite 

data were used to calculate cloud fraction and cloud-top height based on brightness 

temperature retrievals from the satellite.  With the GOES-12 Sounder, cloud fraction and 

cloud-top pressure are calculated and provided in the data, simplifying the steps needed for 

assimilation.  Cloud base is assumed to be 500 m below cloud-top height, except in areas 

where the scheme detects convective towers.  If a convective tower is found, the scheme 
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saturates a 64 km2 region as an estimate.  Grid cells without clouds are dried if their relative 

humidity (RH) at any given level exceeds the mean plus one standard deviation from the 

clear sky value in the statistical database.  If a fractional coverage of clouds is detected, RH 

is not allowed to be greater than 
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where C is the areal cloud coverage.  While primitive, testing has shown this moisture 

assimilation system to provide an accurate representation of clouds in the NHMASS model. 

 All runs in the moisture synthesis experiment use the same options as the control runs 

with the only difference being the assimilation of GOES-12 moisture estimates into the initial 

conditions.  Simulations with the moisture synthesis will be abbreviated as “BO” in reference 

to the term “bogus” which was used interchangeably with synthesis during this work.  The 

control simulation without moisture synthesis will be known as “NOBO” or “no bogus”.  

Numbers after the abbreviation denote the grid spacing of the run, so “NOBO18” would refer 

to the 18 km NHMASS simulation with no moisture synthesis.   

 Three nested runs were performed, just as in the control simulations, but the moisture 

synthesis was only run on the outer 18 km grid.  Since the 6 km simulation initializes from 

the 18 km output, the effect of the moisture synthesis would propagate to the 6 km.  Also, 

since the 6 km domain is smaller than the 18 km domain, boundary effects that introduce 

unmodified moisture values (in the 18 km simulation) will be damped.  To maximize the 

effect of the moisture synthesis on the 6 km simulation, the initialization time was chosen to 

match the initialization of the 18 km, when the differences due to the moisture synthesis are 

greatest.  There were also problems with the relatively coarse scale of the GOES sounder 
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being interpolated on a grid resolution finer than 18 km.  This limited our selection of grids 

and lead to the selection of the 18 km, 6 km, and 2 km resolutions.  

4.2.1  INITIAL CONDITIONS 

Much of our initial work in obtaining an acceptable simulation focused on the initial 

conditions to be used.  Due to limited availability of GOES-12 Sounder data for the moisture 

synthesis experiment, the NHMASS simulations are initialized at 1200 UTC on 29 August.  

It was found that even the initialization time made a significant difference in the outcome of 

the simulation.  Earlier initialization times would allow the precipitation and secondary 

circulations more time to “spin-up” before our target precipitation event.  However, vortex 

structure and low-level thermal fields are best resolved over land where the density of 

observations is much greater.  Landfall occurs at 1400 UTC on 29 August in the best track 

data, bringing the storm very close to shore at our 1200 UTC initialization time.  With weak 

steering currents, storm motion was also highly variable depending on initialization time.  

Since much of the downstream ridging and environmental modification is due to Gaston and 

the related convection, many different outcomes are possible given the strength and extent of 

the precipitation and the initial motion of the vortex in the simulation.   

With a TC as small as Gaston, the resolution of the initial conditions is a big concern.  

This was underscored when the NHMASS model was initialized with the NCEP/NCAR 

Reanalysis data.  This was done pursuant of a project to extend the NHMASS model into the 

stratosphere.  The NCEP/NCAR Reanalysis dataset extends up to 10 mb and had proved 

reliable in simulations of mountain waves and synoptic scale features.  However, the scale of 

Gaston’s cyclone proved too small to be represented accurately by the 2.5 degree resolution 

reanalysis data.  Regardless of the initialization time, the storm would never deepen to 
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anything lower than a few millibars below the surrounding atmosphere.  Pressure gradients, 

winds, and precipitation were all small using the reanalysis dataset.   

The Eta analysis on the 218 (12 km) grid solves the resolution problem of the 

Reanalysis dataset, but suffers from the overdevelopment of tropical storm Hermine as noted 

previously.  When initializing from the Eta, NHMASS ingests this error from the initial 

conditions and boundary conditions and will not develop the strong circulation needed to 

advect high theta-e air into southeast Virginia.   

Even though the GFS does not have the resolution to pick up on the very steep 

pressure gradient and low pressure at the center of Gaston, the storm’s strength relative to the 

surrounding environment is reasonable.  This allows the NHMASS model to develop 

circulations and storm movement based on a realistic wind and pressure field.  The 

simulation initialized with the GFS dataset produced results noticeably better than others.   

Early in the experimental process, the Weather Research and Forecasting (WRF) 

model was run to take advantage of some of the initial condition dataset formats not available 

in the NHMASS model.  While exploring options with the WRF, an experiment was run to 

determine if the results of the simulation were sensitive to grid resolutions under the planned 

6 km of the NHMASS model (2 km was ultimately the highest resolution run in NHMASS).  

It was found that decreasing the grid-spacing from 5 km to 2 km did not significantly 

improve the precipitation totals produced by WRF.  Similar results were found by Bryan et 

al. 2003 in squall line simulations.  Their model did not converge on a solution even down to 

100 m.  It was found that 1 km grid spacing could not adequately resolve atmospheric 

motions on the convective scale and did not add significant value to simulations with larger 

grid spacings such as 4 km.   
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When compared to the manual analysis, all model data assimilation systems 

underestimate the surface heating in SE Virginia by at least 2 to 3 degrees.  Also, the 

baroclinic zone between the cloud covered region and the heating is not as sharp or strong as 

in our manual analysis.  The small scale of the heating and rapid change of temperature are 

likely causes for the operational models to analyze the heating as less than surface 

observations show.  This may also reflect slightly higher than observed soil moisture in the 

numerical model surface characteristics database, which used climatology values for this 

experiment.   

4.2.2  CONTROL SIMULATION 

Once the GFS was chosen as the initialization dataset, a control simulation was 

performed with an 18 km resolution (NOBO18).  The initialization time was 1200 UTC on 

29 August due to limitations in the availability of satellite data used for the moisture 

synthesis experiment.  Storm motion in all simulations is too slow, with the control 

experiment closest to reality.  Due to the slow speed, precipitation features are all shifted 

south slightly.   

Two crucial improvements expected from our NHMASS control simulation were in 

the temperature and precipitation fields.  Figure 42 indicates the NHMASS control 

simulation (panel c) is a large improvement over the GFS forecast for the same time (panel 

a).  Comparing with the manual temperature analysis in panel d of Figure 27, the NOBO18 

simulation captures the warm tongue extending into SE Virginia quite well with temperatures 

comparable to the RUC20 analysis and a few degrees shy of the manual analysis.  The shape 

of the warm air is modeled accurately as is the sharp baroclinic zone between cloudy and 

clear regions.  This warming is not captured in the GFS forecast and the resolution is not 



 38

sufficient to show the detail seen in the NOBO18 simulation.  Keep in mind, however, the 

NOBO18 has the advantage of being a simulation, with real-world analyses as boundary 

conditions, while the GFS is a true forecast. 

As for precipitation, Figure 43 shows the drastic difference between the GFS forecast 

and NOBO18.  With coarse resolution, the GFS produces less than 2 inches of rain through 

the entire forecast period.  The NOBO18 simulation does a much better job at capturing 

small scale maxima where the GFS produces only a broad area of precipitation.  The pattern 

of precipitation in NOBO18 from Figure 43 compares well with the observed precipitation in 

Figure 13.  The 4-inch precipitation maximum in the model is located south of Richmond due 

to the slower storm motion in the simulation.   

Simulating the correct amount of precipitation has always been challenging in 

numerical weather prediction and this case is no different.  While a closer solution than the 

GFS, the NHMASS model still under-forecasts the precipitation maxima in Richmond.  

While higher resolution simulations were conducted to improve this, the focus of our NWP 

effort is to simulate the correct pattern of precipitation and the ingredients that lead to it.   

4.2.3  SYNTHETIC MOISTURE FIELD SIMULATIONS 

Studies such as Zapotocny et al. (2005) and Bayler et al. (2000) have shown that the 

assimilation of GOES satellite data can significantly improve NWP skill and performance.  

Bayler et al. (2000) specifically tests the GOES sounder as a way of improving cloud 

representation in a modeling system, similar to its purpose in our study.  It was found that 

cloud representation was improved, especially early in the forecast period.  This equated to 

an improvement in threat-score through the 24 and 36 hour forecasts, even though much of 

the cloud field improvement was washed out by hour 6 of the forecast.   
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Figure 41 shows the improved cloud cover in an 18 km resolution NHMASS model 

analysis compared to the cloud cover when initializing from the unmodified GFS analysis.  

Overall, cloud cover is reduced after GOES Sounder information is assimilated with 

significant clearing south and north of Gaston.  Smaller scale features can be seen in the post-

synthesis analysis with highly accurate definition of cloud boundaries.  Unfortunately, 1200 

UTC on 29 August is the latest GOES Sounder data is available for our case.  This leads to a 

rapid degradation in the cloud field as raw GFS analyses are ingested for boundary 

conditions.  This is consistent with what Bayler et al. (2000) found in their moisture 

assimilation system. 

Temperatures would be predicted to respond to this change in cloud cover and solar 

radiation reaching the surface; however, early hours of the simulation show very little 

difference between simulations.  The greatest effects from clouds are where it is 

precipitating, which does not change with the enhanced moisture fields.  By the time of the 

precipitation event, differences in the temperature fields can be seen (Figure 46).  The cold 

pool over NC is enhanced as is the heated tongue extending through Eastern NC and into 

Virginia.  The temperature difference between simulations is not extreme, but does amplify 

the baroclinic zone along which the convection forms.  The extra 1 to 2 °C over eastern NC 

enhances the energy available for convection in the same region that convection initiates in 

reality.  The extra density in the cold pool provides for a sharper boundary at the edge of the 

heating. 

Much of the cloud cover in both the control and moisture synthesis experiments can 

be attributed to high and thin cloud types like cirrus.  A plot of the shortwave radiation 

(Figure 44) at the surface shows that the on 30 August, the only areas where significant 
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amounts of sunlight are not penetrating to the surface is the area around Gaston’s center 

where deep, precipitating clouds exist, despite the nearly total cloud coverage of the East 

Coast indicated on cloud cover plots (not shown).  Figure 44 also strengthens the case that 

solar heating causes the warm tongue in SE Virginia.  Plots from 1200 UTC to 1500 UTC 

(not shown) have the warm tongue, outlined with the 27 degree C isotherm in Figure 44, 

forming coincident to the high shortwave radiation values north and east of Gaston.   

Focusing on the environment over RIC, a drastic change can be seen in the vertical 

profile of RH in the model initialization (Figure 45).  The initial RH field in BO18 is much 

greater than in the GFS analysis or NOBO18 due to clouds sensed over RIC by the GOES 

sounder.  Within 12 hours, the RH has oscillated to a drier atmosphere than in the control or 

the analysis.  The control (NOBO18) simulation and the GFS analysis show good agreement 

throughout the simulation.  The drier air, especially at low levels in BO18, can be attributed 

to the drying of the atmosphere by the moisture synthesis scheme across significant portions 

of the model domain that are now advected into Virginia.  By 24-hours into the simulation, 

much of the initial differences have disappeared and the BO18 simulation’s RH profile looks 

similar to the NOBO18 simulation.  There is still more dry air at low levels, but this washes 

out as the precipitation moves into the area.   

4.2.4  GRID SPACING EXPERIMENT 

 To capture the meso-γ scale of precipitation features and their interaction with the 

environment, higher resolution nested simulations were performed.  The BO18 simulation 

was used as the outer grid since it showed the greatest accuracy in the precipitation pattern.  

Higher resolution simulations were expected to improve the representation of the 

precipitation features and provide a more realistic distribution of rainfall.  Also, small scale 
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features at both the surface and near the tropopause driven by the convection are 

hypothesized to have a large influence on the environment and helped maintain the 

precipitation for the duration observed in nature.  These features are unresolvable by standard 

observing systems and the 20 km grid spacing of the RUC20. 

To verify that the higher resolution runs are an improvement over the 18 km 

simulation, comparisons of temperature and total precipitation are used as before.  Figure 46 

compares the three NHMASS simulations to the manual surface analysis.  All three 

simulations show a great degree of accuracy in modeling the temperature structure at the 

surface.  The cold pool over North Carolina is very accurately represented as is the warm 

tongue.  The two higher resolution simulations reach temperatures higher than observed, but 

only in a very small region along the coast.  However, the orientation of the tongue, curving 

towards the northwest, is more accurate in the higher resolution simulations than in BO18, 

where the baroclinic zone and warm area tend to be more north-south in orientation.   

The total precipitation, on the other hand, shows very distinct differences between the 

simulations.  In Figure 47 we see that a more pronounced break in precipitation is picked up 

by BO6 than in BO18 (the break in precipitation shown in BO2 is more an artifact of the later 

initialization time).  This is consistent with the HPC post-storm analysis (Figure 13) that 

shows a break in the heaviest precipitation totals over North Carolina.  The amplitude of the 

precipitation maximum is greater in BO6 and BO2, bringing it closer in line with 

observations.  The precipitation totals in BO6 and BO2 are similar, but the shapes of the 

contours are different, suggesting that the structure of the precipitating features is simulated 

differently on the 2 km grid.   
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Further discussion of BO6 and BO2 will be presented in the following section.  The 

lower grid spacing does seem to resolve features of this case better than the more coarse 

BO18 simulation.  This results in a better representation of the baroclinic zone and 

precipitation features.  These high-resolution simulations are assumed to be a reasonable 

representation of the atmosphere for further analysis of the dynamical processes. 

4.2.5  DYNAMICAL ANALYSIS OF MODEL RESULTS 

 The surface baroclinic zone in the RUC20 and in the NHMASS simulations has been 

shown to be the result of differential heating at the cloud-boundary.  Previous studies (Sun 

and Ogura 1979; Gyakum and Barker 1988; Segal et al. 1986, 1989, 1992, 1993; Langmaid 

and Riordan 1998) have shown low-level diabatic processes, such as sensible heating and 

evaporational cooling, to be important in creating and enhancing frontogenetical mesoscale 

circulations.  These circulations can also be affected by the inertial stability of the 

environment, as noted in section 3.3.1.2.  The BO2 simulation is used to examine role of 

these two features in establishing a mesoscale circulation that could sustain the precipitation 

in SE Virginia at a high intensity for the long duration observed.  

 Figure 48 through Figure 55 utilize the high temporal and spatial resolution of the 2 

km simulation to track the evolution of the upper and lower level features in the vicinity of 

the heavy precipitation.  In Figure 48, a weak mesolow is observed ahead of the precipitation 

at 1200 UTC.  At this time, the precipitation has not yet aligned itself with the developing 

baroclinic zone.  By 1400 UTC (Figure 49), the precipitation and mesolow have started to 

stretch along the baroclinic zone.  At around 1530 UTC, the mesolow becomes oriented 

along the baroclinic zone, driving a jump in precipitation rates.   
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 In the upper levels between 1200 and 1530 UTC, the inertial instability on the 200 mb 

surface expands and shifts north (Figure 52 and Figure 53).  Initially, the area of negative 

absolute vorticity is located directly above the precipitation and coincident with the latent 

heating driven height maximum.  By 1530 UTC, the vorticity minimum has shifted north of 

the precipitation maximum and associated height rises and has approximately doubled in 

size.  This is consistent with what would be expected in a convective system exploiting low 

environmental inertial stability to create unstable conditions as described by Blanchard et al. 

(1998).  This phenomenon will be discussed in greater detail later in this section. 

 The low level mesolow/mesohigh couplet is very well defined in Figure 50.  Keep in 

mind that the sea-level pressure values are an instantaneous measurement while the 

precipitation values are a total over the half-hour between model outputs.  This results in the 

mesolow plotting ahead of (north of) the precipitation maximum, when the actual location of 

the mesolow is likely directly under or just barely ahead of the current convection.  Likewise, 

the mesohigh occurs where precipitation-cooled high density air is descending in the rear of 

the storm.  At 1700 UTC, the precipitation becomes completely aligned with the sharp 

baroclinic zone (Figure 50).  Also aligning along the baroclinic zone is a tight pressure 

gradient between the meso-high and low.  Precipitation rates are now approaching 2 to 3 

inches per half hour.  

 In Figure 54, latent heating driven height rises are large and inertial instability now 

dominates the environment north of the precipitation.  Outflow winds turn quickly to the 

right, setting up a convergent zone of sinking motion as the winds slow.  Explosive growth in 

the convection has now stabilized to a steady rate.  The now fully phased system of the low 

level baroclinic zone and upper level inertial instability propagates to the northeast where 
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convective energy remains abundant, indicated by the warm surface temperatures (Figure 51 

and Figure 55).  The precipitation and associated mesoscale circulation remains strong until 

the system reaches the coast where the uneven surface heating that provided the catalyst for 

frontogenesis at low levels and the low level thermal maximum for statically unstable parcel 

ascent is erased by the relatively uniform sea surface temperature gradient.  If Gaston’s 

lifecycle is tracked beyond this point in observations, a typical extratropical transition is seen 

within the next 24 hours.  Once back over water, the storm begins behaving like a tropical 

cyclone again rather than an MCC or other baroclinic mid-latitude precipitation system, but 

the low level winds that prompted the NHC to upgrade Gaston to a Tropical Storm were a 

direct result of the heavy convection over Virginia. 

 In order to analyze representative and consistent vertical slices of the atmosphere, 

cross sections were taken on radii extending from Gaston’s center of circulation through the 

area of maximum precipitation in the developing rain-band.  These cross sections are 

oriented approximately perpendicular to the baroclinic zone and were chosen not to be 

consistent in their location and orientation, but rather to ensure the area of deepest convection 

is analyzed.   

Cross sections were created at each forecast time of the BO2 simulation and the three 

displayed in Figure 56 are representative of the results.  Cross section a1, at forecast time f03 

(1300 UTC), displays the environment to the northeast of Gaston’s center as shortwave 

heating is beginning in the clear slot and before the precipitation organizes into a single 

intense band.  Rising air can be seen in the cold air towards Gaston’s center, maximizing in 

the area of moderate convection near the intensifying surface baroclinic zone.  In the warm 

air northeast of the precipitation, sinking air can be seen above 500 mb across a broad area 
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with some indication that downward is the prevalent direction of motion in the more 

turbulent atmosphere below 500 mb.  It is reasonable to conclude that this sinking motion has 

aided in keeping skies relatively clear over the warm wedge in NE North Carolina and SE 

Virginia through adiabatic warming and drying. 

  At f05 (1500 UTC), convection has intensified, indicated by the precipitation bull’s-

eye in Figure 56(b2) and the intense updraft in Figure 56(b1).  Air to the northeast of the 

precipitation has warmed at the surface and the convection is beginning to exploit this 

convective energy.  It is at this time that the mesolow can be seen becoming more aligned 

with the baroclinic zone at the surface (Figure 50) and upper levels begin showing a rapid 

expansion of inertial instability to the north (Figure 53).  In Figure 56(b1), the downward 

motion around 500 mb has become more pronounced in the warm sector while air continues 

to rise in the cold air.  The main updraft, however, is located right at the surface baroclinic 

zone.  Warming from latent heating is evident in the downward bowing of the isentropes in 

the updraft.  There is well defined inflow and convergence at the frontal zone under the 

convection (Figure 56b1) where 2-hours earlier (Figure 56a1), there was only a poorly 

defined convergence zone near the theta gradient. 

 The scale and intensity of the updraft continues to grow through time f07 (1700 UTC) 

when the convective circulation has reached maturity (Figure 56c1).  A troposphere-deep 

ageostrophic frontal circulation has developed by this time with sinking air northeast of the 

precipitation from 300 mb to the surface.  The sinking air reinforces the radiationally driven 

surface warming and extends it over a deep layer.  Warm inflow is strong and the moisture 

supply is continually restored by the easterly fetch off the Atlantic at low levels (Figure 
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56c2).  The upward branch of the circulation occurs very near the surface baroclinic zone 

(Figure 56c1).   

 By the nature of upright convection, the rising air must be in the warm sector to 

exploit the thermal instabilities and large CAPE values.  The extremely intense vertical 

motion in the updraft would not be possible otherwise.  This normally indicates a thermally 

direct circulation.  Indeed, a thermally direct circulation is evident right at the frontal zone 

and under 700 mb in Figure 56, panels b1 and c1.  On the meso-γ to meso-β scale of motion, 

warm air is rapidly rising in the updraft and cold air is rapidly sinking in the low levels just to 

the south.  But on the meso-α scale of motion, the circulation appears to have thermally 

indirect qualities.  The strong updraft is still is in the warm air, but the larger (in area) 

downward branch is also located in the warm air.  In Figure 56c1, downward bowing of the 

isentropes can be seen in the downward branch of the circulation, which coincides with the 

warmest surface temperatures.  This indicates a thermally indirect circulation, even though 

the temperature difference between sinking and rising branches is small. 

 Figure 50, Figure 51, Figure 54, and Figure 55 support the timing of circulation 

maturity indicated by the cross sections (Figure 56).  At 1700 UTC, complete phasing of the 

baroclinic zone, convectively driven surface mesolow, 200 mb height maximum, outflow jet, 

and inertial instability has been accomplished and precipitation rates become steady.  The 

convectively driven circulation maintains the environment that supports the heavy convection 

through 1930 UTC as the convection begins to move offshore.  All of the aforementioned 

features are enhanced or maintained by the mesoscale circulation that has formed from low-

level baroclinic/convergent forcing and latent heating in the initial convective cells.  Once 
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phasing is accomplished, the circulation is self-sustaining as are the features that support it 

(at least until they leave the supportive environment). 

 To diagnose how and why this strong circulation forms, we must consider the 

environment that supports it.  Recall that prior to Gaston’s landfall, the mid-Atlantic states 

were under quiescent conditions with no significant pressure or density gradients affecting 

the local weather (Figure 3).  A mid-latitude trough was moving in from the west, but 

remains west of the Appalachians.  Winds in the upper levels were from southwest to 

northeast and increasing to the northwest as a ridge moved offshore.  These quiescent 

conditions meant the significant mesoscale features observed prior to and during the flooding 

event can largely be attributed to Gaston and in-situ development.   

 Downstream ridging is one feature found with Gaston that is typical of landfalling 

TCs (Atallah and Bosart 2003; Bosart and Lackmann 1995; Colle 2003).  The ridging in 

Gaston is evident in the observed data as well as in the NHMASS model (Figure 57).  In the 

6 km resolution NHMASS simulation, the ridge is very narrow and extends into North 

Carolina from the northeast at 300 UTC while Gaston is still near the South Carolina border.  

Gaston’s outflow maintains this ridge as it is squeezed offshore by the approaching 

midlatitude trough.  In Figure 57, at 300 UTC, parcels that exit the convection from Gaston 

(still near the border with South Carolina) will accelerate to the north and then turn sharply to 

the right through the ridge axis.  There is a dramatic slowing of the wind speed where the 

rightward deflection occurs, creating upper level convergence and sinking air on the right 

side of this outflow jet.  The sinking air is thought to be responsible for keeping this region 

cloud-free at sunrise.   
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 The highly anticyclonic ridge and flow pattern north of Gaston is a perfect 

environment for inertial instability.  At 300 UTC in Figure 57, areas of inertial instability are 

collocated with the 200 mb ridge.  As discussed earlier, the anticyclonic side of the 

approaching polar jet streak also lowers upper tropospheric inertial stability.  So as Gaston 

moves north, it moves into an environment of decreasing environmental inertial stability.   

 In the lower levels, a typical temperature advection dipole has set up where southerly 

winds east of the storm advect warm, tropical air northward while northerly winds on the 

west side of the storm advect continental air southward.  However, the continental air in 

Gaston is not much colder or drier than the tropical air.  Therefore, the difference between 

the air masses does not create a strong baroclinic zone.  This differs from TCs such as Floyd 

(1999) and Agnes (1972) where a crucial precipitation forcing mechanism was cold air 

damming east of the Appalachians (Atallah and Bosart 2003; Bosart and Dean 1991).  In 

those storms, low level baroclinicity was enhanced or created by the synoptic to meso-α scale 

cold-air damming, but in Gaston, the low level baroclinicity is almost entirely diabatically 

driven by differential surface sensible heat fluxes.  Thus precipitation is not focused along a 

preexisting (more classical) coastal front (sometimes in conjunction with cold-air damming) 

or midlatitude cold-front, but is created in situ by differential heating and evaporational 

cooling.  Regardless the source, a low level front unambiguously exists.   

 When air under clear skies north of the baroclinic zone warms rapidly at the surface, 

destabilizing the environment, vigorous updrafts begin to form along the low level and 

convergence zone and later align with the baroclinic zone.  These updrafts effect the 

environment in 3 main ways: 1) reinforcing the cold pool to the southwest with more 

evaporationally cooled air, 2) accelerating the upper level outflow jet through isallobaric 
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processes involving geopotential thickness increases and height rises and 3) enhancing 

velocity convergence at the surface baroclinic zone with the development of mesolows.  The 

effects on the outflow jet are highly efficient since the preexisting atmosphere has so little 

inertial stability.  As the statically unstable air is accelerated upward and forced to expand 

horizontally at the tropopause, it exploits the weak restoring force in the inertially unstable 

environment to the north, creating a healthy outflow jet as part of a convectively driven 

mesoscale circulation.  In effect, Gaston’s convection is behaving similar to the MCCs 

discussed in Blanchard et al. (1998) that quickly convert weak inertial stability to inertial 

instability with diabatically driven pressure perturbations in the upper levels.  The growing 

area of inertial instability (negative absolute vorticity) can be seen in Figure 56 and Figure 57 

north of the updraft.  Figure 57 shows how the region of inertial instability is oriented 

parallel to the convective line, furthering the hypothesis that the destabilization occurs due to 

the effects of the convection.   

 Blanchard et al. (1998) also notes that low inertial stability can lead to stronger 

updrafts, low level perturbation pressure falls, and rapid growth of convectively generated 

secondary circulations, all of which are seen in the 2 km NHMASS simulation.  The 

secondary circulation in Gaston deepens the frontal zone by warming and drying the air 

northeast of the convection through adiabatic warming of the sinking air, seen as depressed 

isentropes in Figure 56, while at the same time prolonging the clearing that allows for 

shortwave radiation to heat the ground.  The self-sustaining nature of this circulation can be 

illustrated by examining the 2-dimensional form of the Miller (1948) frontogenesis equation, 

defined as 
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 Terms 1 and 5 are confluent deformation terms, 2 and 4 represent shearing 

deformation, 3 and 6 are tilting effects, and terms 7 and 8 are diabatic heating terms.  Since 

the NHMASS model does not explicitly output diabatic heating rate (Q), terms 7 and 8 are 

discussed only qualitatively as a robust approximation was elusive. 

 Figure 58 shows the contributions of each part of the frontogenesis equation plotted 

in the vicinity of the heaviest convection.  At 1500 UTC (f05), the B02 simulation has low 

level frontogenesis driven mostly by confluence and shear at the baroclinic zone.  Tilting is 

only on the same scale north of the heaviest convection.  Surface heating northeast of the 

front and evaporational cooling southwest of the front should act to increase the potential 

temperature gradient, making terms 7 and 8 frontogenetical.  A qualitative assessment of the 

potential temperature plots (not shown) proves this to be the case as the gradient does tighten 

and the cross-frontal difference doubles from 3 K to 6 K.   

 At the 500 mb level, plots of confluent and shear deformation required contouring 

one order of magnitude lower than at 975 mb (10-9 compared to 10-8) to discern any 

frontogenetical features (Figure 59).  While these terms decreased in magnitude, the tilting 

terms increased.  This is expected as the tilting terms are reliant on horizontal gradients of 

vertical motion and the middle troposphere is where you would expect to observe maximum 

updraft speeds.  Due to this, the tilting terms will be maximized in the vicinity of the 
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strongest updrafts.  This can cause the maxima values to greatly exceed surrounding values, 

as is seen in Figure 59.  This calculation fits the conceptual model and indicates a building 

frontal zone in a deep layer north of the convective precipitation. 

 As is seen in these calculations, the mesoscale circulation permitted by the low 

inertial stability and surface heating is frontogenetical in nature.  As convection and updrafts 

grow more intense, inflow to the storms increases at low levels, which increases confluent 

deformation (terms 1 and 5 in (4.2)), increasing low level frontogenesis.  Strong updrafts also 

organize an increase in frontogenesis in upper levels via tilting (terms 3 and 6 in (4.2)), but 

that effect is multiplied by the subsidence ahead of the frontal zone focused by the inertially 

unstable outflow jet.  As convection grows, so does the mesoscale circulation, which 

enhances frontogenesis, creating a positive feedback loop that enables the precipitation to 

persist for far longer than the expected convective lifespan. 

4.2.6 COMPARISONS TO PREVIOUS STORMS 

 Synergistic convective circulations have been found in many types precipitating 

systems in this region.  Uccellini et al. (1984, 1987) describes a thermally indirect 

ageostrophic circulation over the East Coast that leads to the Presidents’ Day cyclone and 

snowstorm of 1979.  In this case, an increasingly unbalanced subtropical jet approaches the 

East Coast with increasing divergence along its axis.  At the same time, a coastal front is 

developing along the Carolina coast in an inverted trough east of a cold-air damming ridge.  

The ascent beneath the subtropical jet initiates low-level jet formation from the southeast 

through isallobaric forcing.  Moisture transport off the Atlantic in the low-level jet and ascent 

over the coastal front produces heavy rain and snow over the Carolinas and latent heating 

which forces further accelerations in the sub-tropical jet as geopotential thicknesses increase 



 52

aloft.  Sensitivity studies reveal that diabatic processes associated with condensation in the 

convection and PBL ocean fluxes are necessary to maintain the circulation and drive the low-

level jet in the return branch of the thermally indirect circulation.  The low-level jet, in turn, 

is responsible for the moisture advection into the convection and subsidence in the sinking 

branch of the circulation amplifies the baroclinic zone at the coastal front.   

 While the Presidents’ Day storm is on a much larger scale than any circulation we see 

in Gaston, the concept is the same: a synergistic relationship between diabatically forced jets 

aloft and low level inflow impinging on baroclinic zones at the surface.  Gaston’s surface 

boundary is similar to the coastal front while the low-level jet in the TC circulation advects 

moisture into the system in the same manner as Uccellini’s ageostrophic low-level jet.  The 

secondary circulation in Gaston provides the ageostrophic push that vectors the low level 

inflow into a strongly convergent pattern.  Gaston’s outflow jet is much less powerful than 

the subtropical jet of the Presidents’ Day storm, but can leverage inertial instability to 

support the scale of the precipitation.  The synoptic scale subtropical jet of the Presidents’ 

Day storm relies on geostrophic adjustments that occur in unbalanced flow to support 

divergent motions, but Gaston’s precipitation event is sub-Rossby radius of deformation, 

meaning rotational influences are insignificant and geostrophic balance unattainable, thus 

inertial stabilities become the dominant source of divergent motions.  To further relate the 

cases, note that Uccellini theorizes that the orientation of the indirect circulation may be due 

to weak inertial stability, given that the circulation is observed on the anticyclonic shear side 

of the subtropical jet.   

 The synergistic feedback process is also described by Raymond and Jiang (1990) who 

describe how an MCC can generate inertial instability by transporting mass upward and 
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heating a column through latent heating.  This creates sharp height rises above the storm and 

negative absolute vorticity and inertial instability.  This inertial instability can help drive the 

outflow jet and encourage further convective development, just as in the mesoscale 

circulation seen with Gaston.  Similarity to MCCs was discussed in the observational section 

of this study; modeling results only strengthen the connection.   

 Self-sustaining instabilities of this nature are often related to “convective-symmetric 

instability”.  Note that this differs from conditional symmetric instability (CSI) often 

reference in literature.  CSI should not be a dominant factor in Gaston since the growth rates 

of upright convection due to conditional instability and/or inertial instability will be much 

greater than those supported by CSI.  However, CSI must be present along with conditional 

instability for the conditions of convective-symmetric instability to be met (Schultz and 

Schumacher 1999).  As proposed by Emanuel (1980), convective-symmetric instability 

theory posits that latent heating in free-convective updrafts drives the circulation (Jascourt et 

al. 1988).  Compensating subsidence occurs along a slanting path as to do the least work 

against buoyant and inertial forces.  The cross sections in Figure 56 suggest the circulations 

expected with convective-symmetric instability including slanting downdrafts. 

 To test for the conditions of convective-symmetric instability, the Mg- *
eθ  relationship 

is applied to a cross section from the BO18 simulation at 1500 UTC (F27) 30 August (Figure 

60).  The Mg- *
eθ  relationship is one of the few tools for identifying CSI in the atmosphere.  

Following Schultz and Schumacher (1999) and Holton (1992), areas where geostrophic 

absolute momentum (Mg) surfaces slope less steeply than saturation equivalent potential 

temperature ( *
eθ ) surfaces represent areas of CSI and are unstable with respect to slantwise 

displacements.  The BO18 simulation was chosen because its lower resolution meant it was 
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closer to a state of geostrophy, a prerequisite for the Mg- *
eθ  relationship to be accurate 

(Schultz and Schumacher 1999).  High frequency ageostrophic motions in the BO6 and BO2 

simulations made them ill-suited for this use.  The cross-section attempts to capture the CSI 

signal before the convective processes significantly altered the environment, but after low 

level heating created the area of conditional instability.  Pursuant to this, the time used is just 

before heavy convection began.  Moist geostrophic potential vorticity was considered as a 

means to diagnose CSI, but in this case, results would be inconclusive as it cannot distinguish 

between CSI and areas of inertial and conditional instability. 

 Figure 60 shows two areas where the Mg- *
eθ  criteria is met: “CSI1” between 700 mb 

and 500 mb and “CSI2” higher in the troposphere, between 400 mb and 250 mb (note the 

shaded areas of Figure 60 are not exact representations of areas of CSI, but rather qualitative 

estimates to assess the validity of using convective-symmetric instability in this study).  

Because it occurs in the updraft of the developing precipitation, it is difficult to know the 

accuracy of CSI1 since the atmosphere is likely very non-hydrostatic at this location, 

invalidating a primary assumption of the Mg- *
eθ  relationship (Schultz and Schumacher 1999).  

We will therefore not consider CSI1 in this analysis.  CSI2, however, is located out of the 

main precipitation column, just downstream from the updraft.  This would suggest CSI2 is a 

valid environmental feature at this time.  Combined with the conditional instability (“CI” in 

Figure 60) at low levels, it is reasonable to conclude that convective-symmetric instability 

theory is applicable in this case, lending more evidence to support a troposphere deep 

convective circulation similar to those in MCCs as an important mechanism for the 

maintenance of the precipitation system. 
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 A connection can also be made to processes found in other TC induced flooding 

cases.  Hurricane Floyd (1999) is compared to Gaston frequently throughout this work as the 

two storms impacted the same areas (though on vastly different scales) while appearing to 

have very different causes.  Floyd’s flooding has been shown by the studies previously 

mentioned to be a result of interactions with a strong synoptic scale polar jet and frontal 

system.  But mesoscale analysis of Floyd reveals similar circulations at play to maximize 

rainfall intensity and longevity over the affected region (Thurman 2003). 

 In Floyd, a preexisting coastal front coupled with the right entrance region of the 

combined polar and hurricane outflow jet caused convection to be focused at the North 

Carolina and Virginia shorelines (Atallah and Bosart 2003; Thurman 2003).  The transverse 

ageostrophic circulation of the jet streak reinforced the cold air dammed inland from the 

coastal front.  On the warm side of the front, warm and moist air advected from south of the 

massive hurricane enhanced the baroclinicity of the coastal front and provided fuel for the 

precipitation.  If we compare these features with Gaston, the surface baroclinic zone between 

cloudy and clear skies plays the role of the coastal front, surface heating and the subsiding 

branch of the mesoscale circulation would play the role of Floyd’s advected tropical air, 

evaporation cooling and cloudy skies would compare with the cold air damming and the jet’s 

transverse ageostrophic circulation, and Gaston’s outflow jet would serve the roll of the polar 

jet in Floyd.  The important fact about Gaston’s jet is that it allowed the storm to exploit the 

weak inertial stability and establish an inertially unstable perimeter to the north of the 

convection.  This allowed the storm to ventilate at a much greater efficiency and produce 

rainfall, at least over a small area, comparable to that produced by Floyd.  The massive polar 

jet in Floyd allowed the precipitation to anchor over one area and reach high intensities due 
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to the excellent divergence at upper levels (Atallah and Bosart 2003).  Otherwise, the 

precipitation would have been a transient feature, moving with the accelerating storm motion.  

It also would have been lighter in intensity as it would have been warm frontal forcing, not 

known for explosive convection.  But the phasing of the jet entrance region and the low level 

baroclinicity provided an area of very little resistance to convective motions (Thurman 

2003).  In Gaston, the inertial instability at the edge of the sharply curved ridge phased with 

the low level baroclinicity provided a similar effect as the features in Floyd and served to 

anchor the heavy precipitation in the favored region of ascent.   

 These dynamical ingredients for heavy precipitation were the same in both storms 

(and the literature seems to support the hypothesis that these ingredients are important for all 

extreme TC rainfall events), but the genesis of the ingredients are very different.  Floyd 

encountered the ingredients as preexisting synoptic and mesoscale features along its path.  

The polar jet, coastal front, and cold air damming had established themselves well before 

Floyd.  Granted, Floyd’s circulation and pressure field likely affected the wind speed and 

direction that produced the cold air damming and the polar jet was enhanced by the outflow 

from the hurricane, but these are indirect effects.  The ingredients of Gaston’s extreme 

rainfall were created in situ, nearly entirely by direct effects from the storm.  The preexisting 

feature that enhanced Gaston is synoptic scale ridge that created the favorable environment 

of weak inertial stability.  Figure 61 graphically represents the features discussed over a 

satellite image of Gaston near the time of the precipitation event.  The complexity of the 

situation is clear with features on many scales combining to create an environment primed 

for heavy precipitation over southwest Vigrinia. 
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 This scenario creates a challenging situation for forecasters.  The dynamics of 

precipitation in Hurricane Floyd have been well publicized and applied operationally in the 

years since that event.  However, what is seen in Gaston is that a system with much more 

subtle, transient, and small scale features can develop the same ingredients and produce a 

similar disaster from a seemingly innocuous environment.  The large signals available to 

forecasters in Hurricane Floyd are much more subtle in cases such as Gaston.  Furthermore, 

the reaction of the public to a diminishing tropical storm versus a mature hurricane will be 

very different.  Forecasting a threat and communicating it to the public are challenging 

problems.   

4.3  Conclusion 

 The NHMASS simulation significantly outperformed the operational NWP forecast 

models in predicting both the rainfall maxima over Richmond and the preceding 

environmental structure leading to the event.  The combination of high resolution and 

initializing with the GFS analysis provided the most significant improvement.  While a 

skillful simulation was obtained, it is still unclear if an NWP forecast could be similarly 

accurate.  Future work to run the NHMASS model in forecast mode is planned.  

 All model-based analyses tested in the study contained significant problems.  While 

the GFS analysis proved to be the best, its low resolution limited its ability to reproduce any 

mesoscale features.  The Eta analysis, on the other hand, is computed at a much higher 

resolution, but it overdeveloped TS Hermine at the expense of Gaston.  The effects of 

Hermine were persistently propagated into the NHMASS simulations through boundary 

conditions, leaving the GFS as the best initialization option.  The NHMASS model 

simulations with resolutions of 18, 6, and 2 km were able to account for features missed by 
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the low resolution GFS analysis while boundary conditions provided by the GFS analysis 

integrated into the simulation well.   

 NHMASS simulations were initialized at 1200 UTC on 29 August to allow for spin-

up of precipitation in the model, but also ensuring that Gaston was close enough to shore to 

be sampled by many observing platforms.  An 18 km resolution simulation (NOBO18) 

validated very well and was used as a control simulation.   

 A moisture synthesis scheme was implemented in NHMASS and tested for its effect 

on the model rainfall.  While the moisture synthesis scheme initially made a large difference 

in the cloud field (an important variable in this case), it did not yield precipitation patterns 

appreciably different than the control simulation.  However, differences in the temperature, 

pressure, and moisture fields were found that diminished with model time.  Improvement was 

observed at the time of the precipitation event; the baroclinic zone was strengthened and 

precipitation maxima were greater.  Therefore, the simulations with the moisture synthesis 

were used for further analysis.  Given the poor representation of the cloud field in the model 

initialization, we conclude that a moisture synthesis scheme can have significant value in 

improving model forecasts.  It is thought that if a true forecast were run, with forecast 

boundary conditions, that the cloud field would remain accurate for far longer than in the 

simulation.  The result should be improved accuracy from the radiation, moisture physics, 

and convective parameterization schemes.  

 Sensitivity to grid spacing was also tested in this study.  The NHMASS model 

showed significant improvement when reducing grid spacing to 6 km from 18 km, but only 

modest improvement when going from 6 km to 2 km.  The 6 km precipitation and 

temperature pattern was very accurate when compared to observations.  Precipitation totals 
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were still underestimated, but this was expected.  The precipitation maximum over the 

Richmond area shows up nicely as does the warm tongue in northeast North Carolina and 

southeast Virginia.  The 2 km simulation is used for the dynamical analysis because of its 

ability to resolve some of the finer scale mesoscale motions and because the precipitation 

pattern is very similar to the 6 km simulation.   

 A dynamical analysis of the 2 km simulation supported the findings of the 

observational part of this study that low inertial stability at the upper levels and strong low 

level frontogenesis played crucial roles in the creation and maintenance of the precipitation 

process over Richmond.  With the enhanced resolution of the 2 km simulation, a thermally 

indirect frontogenetical mesoscale circulation was discovered consisting of the convectively 

forced outflow jet, subsiding air north of the baroclinic zone, low level inflow, and the 

convective updrafts.  The outflow jet of Gaston proved immensely efficient due to the weak 

inertial stability in a sharply curved mesoscale ridge at upper levels.  Inertial instability was 

quickly realized just downstream of the convective outflow, as has been observed in Great 

Plains MCCs.  Convective-symmetric instability drives the strong mesoscale circulation and 

makes the process self-sustaining.  

 Gaston’s outflow jet served a similar role to the polar jet in the Floyd case, while on a 

vastly different scale.  However, both provided ample upper level divergence for record-

breaking precipitation at their respective scales.  The upper level divergence coupled with a 

slowly moving low level baroclinic zone, driven in Gaston by differential radiative heating 

and in Floyd by cold air damming and a coastal front, anchored the heavy precipitation in 

one area and maintained the intensity for far longer than the usual convective timescale.   
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 Gaston’s features, in comparison to the synoptic-scale features of Floyd, were largely 

created in situ by the storm itself.  Cloud boundaries create zones of differential surface 

heating, the TC circulation advects moist air off the Atlantic, and the convectively driven 

outflow jet allows the inertial instability to be exploited in evacuating mass from the column.  

None of these features existed prior to Gaston’s arrival, making it a challenging forecast 

problem.   

 Due to the synoptic flow pattern that will often predicate a TC’s recurvature out of 

the tropics and into the Mid-Atlantic States (trough digging into the eastern U.S. and a 

receding Bermuda ridge), an environment with weak inertial stability may be common in 

East Coast landfall events.  The upper tropospheric jet streak that accompanies a mid-latitude 

trough is one of the few features that can create a region of synoptic scale inertial instability 

in the mid-latitudes.  As seen in Gaston,  a retreating ridge becoming squeezed between the 

mid-latitude trough and approaching TC can accentuate the inertial stability weakness 

created by the shear of the jet streak with sharp anticyclonic curvature, leading to an 

environment primed for convective-symmetric instability.  With numerous options for 

frontogenesis at the surface (cold air damming, coastal frictional convergence, uneven 

surface heating, preexisting coastal and synoptic fronts), a juxtaposition of the inertially 

unstable atmosphere with a low level forcing mechanism becomes likely for this region.  

Convective-symmetric instability can be realized when synergistic phasing occurs, creating a 

self-sustaining precipitation machine focused on the area of greatest coupling where the 

convective-symmetric instability creates a low resistance path for parcel ascent.   

 Future work from this case could go in many directions.  In relation to TC flooding 

events, small storms that don’t fit the Klein et al. (2000) extratropical transition framework 
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need further study as they are often the most difficult to forecast and are clearly capable of 

producing disastrous flooding.  A PV deconstruction of a storm like Gaston would have 

value in diagnosing processes important in the storm structure evolution and precipitation 

processes.  Many small, weak storms may appear very different on the surface, but this work 

shows that many dynamical features may be found in common.  However, observing the 

important factor in this case, low absolute vorticity and inertial stability in the upper 

atmosphere, can be very problematic with the current upper air observing network. 

 On the modeling front, further work improving the moisture synthesis scheme could 

lead to significant improvements in model forecasts.  Previous studies have shown satellite 

based moisture synthesis to be both important and possible to implement, yet operational 

models such as the NAM have not had a stable satellite data assimilation package 

consistently running in some time.  Sensitivity studies, such as turning off diabatic heating, 

increasing the horizontal resolution, and adjusting land-surface parameters would be of value 

in this case to further explore and quantify processes that effect the precipitation.   

 A more complete analysis of the low level moisture field is needed for any future 

work on this case.  The RUC20 analysis misrepresenting the offshore dew points prevented a 

detailed moisture advection and convergence analysis that would have been valuable in 

diagnosing the true moisture source.  An objective analysis of the surface and offshore 

reporting stations could remedy this problem.  Further investigation could then be done on 

the role of evapotranspiration and river valleys in the moisture cycle.  Numerical studies with 

flattened terrain could test the hypothesis that river valleys helped focus the rainfall and 

studies with various land-use and soil-moisture parameters adjusted could help quantify the 
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role of evapotranspiration.  Following that method, urban heat-island effect could be 

explored as well.   

 Storms such as Gaston can be a challenge for forecasters and modelers as their 

proximity to shore places them on the edge of the dense observing network of the continental 

United States.  An accurate portrait of the upper atmosphere can be elusive without regular 

reconnaissance, unavailable for Gaston because of the larger and more impressive Hurricane 

Frances in the open Atlantic.  Without a reliable analysis of the upper atmosphere, the 

elongated ridge responsible for the inertial instability is difficult to capture and even harder 

for forecasters to trust.  As we have shown here, NWP forecasts are very sensitive to the 

initial state of the atmosphere and will show significant differences from run to run unless a 

reliable and well sampled initial state is available.  Until the observing platforms improve, 

even the best model forecasts may not be enough to sound the alarm when dealing with small 

TCs.  The difficult job in the near future will continue to be the responsibility of forecasters 

who must understand the complex dynamics of flash flooding to predict such an event.  



 63

5. REFERENCES 

Atallah, E. H., and L. F. Bosart. 2003: The extratropical transition and precipitation 
distribution of Hurricane Floyd (1999). Mon. Wea. Rev., 131, 1063–1081. 
 
Augustine, J. A., and F. Caracena, 1994: Lower-tropospheric precursors to nocturnal MCS 
development over the central United States. Wea. Forecasting, 9, 116–135 
 
Barnes, G., and G. Stossmeister, 1986: The Structure and Decay of a Rainband in Hurricane 
Irene (1981). Mon. Wea. Rev., 114, 2590–2601. 
 
Bartels, D. L., and R. A. Maddox, 1991: Midlevel cyclonic vortices generated by mesoscale 
convective complexes. Mon. Wea. Rev., 119, 104–118. 
 
Bayler G. M., R. M. Aune, and W. H. Raymond, 2000: NWP cloud initialization using 
GOES sounder data and improved modeling of nonprecipitating clouds. Mon. Wea. Rev, 128, 
3911–3920. 
 
Benjamin, S.G., J.M. Brown, K.J. Brundage, D. Devenyi, G.A. Grell, D. Kim. B.E. 
Schwartz, T.G. Smirnova, T.L. Smith, and S.S. Weygandt, 2002: RUC20 — The 20-km 
version of the Rapid Update Cycle. NOAA Tech. Memo. OAR FSL 28, Forecast Systems 
Laboratory, Boulder, CO, 9 pp. 
 
Beven, J. L. II, S. R. Stewart, M. B. Lawrence, L. A. Avila, J. L. Franklin, and R. J. Pasch, 
2003: Annual summary: Atlantic hurricane season of 2001. Mon. Wea. Rev., 131, 1454-1484. 
 
Blanchard, D. O., W. R. Cotton, and J. M. Brown, 1998: Mesoscale circulation growth under 
conditions of weak inertial instability. Mon. Wea. Rev., 126, 118–140. 
 
Bosart L. F., and F. H. Carr, 1978: A case study of excessive rainfall centered around 
Wellsville, New York, 20–21 June 1972. Mon. Wea. Rev., 106, 348–362. 
 
——, and D. B. Dean, 1991: The Agnes rainstorm of June 1972: surface feature evolution 
culminating in inland storm redevelopment. Wea. Forecasting, 6, 515-537. 
 
——, and G. M. Lackmann, 1995: Postlandfall tropical cyclone reintensification in a weakly 
baroclinic environment: A case study of Hurricane David (September 1979). Mon. Wea. 
Rev., 123, 3268–3291. 
 
——, C. S. Velden, W. E. Bracken, J. Molinari, and P. G. Black, 2000: Environmental 
influences on the rapid intensification of Hurricane Opal (1995) over the Gulf of Mexico. 
Mon. Wea. Rev., 128, 322–352. 
 
——, 2003: Whither the weather analysis and forecasting process?Wea. Forecasting, 18, 
520–529. 
 



 64

Bryan G. H., J. C. Wyngaard, and J. M. Fritsch, 2003: Resolution requirements for the 
simulation of deep moist convection. Mon. Wea. Rev, 131, 2394–2416. 
 
Charney, J. G., and A. Eliassen, 1964: On the growth of the hurricane depression. J. Atmos. 
Sci., 21, 68–75. 
 
Cline, J., 2002: Surface-based Rain, Wind, and Pressure Fields in Tropical Cyclones over 
North Carolina since 1989. Eastern Region Technical Memorandum NWS ER 94, 74pp. 
[PB2004-100997]  
 
Colle B. A., 2003: Numerical simulations of the extratropical transition of Floyd (1999): 
Structural evolution and responsible mechanisms for the heavy rainfall over the northeast 
United States. Mon. Wea. Rev, 131, 2905–2926 
 
Croke, M.S. (2005) Examining planetary, synoptic and mesoscale features that enhance 
precipitation associated with landfalling tropical cyclones in North Carolina. MS thesis, 
North Carolina State University, Raleigh, North Carolina. 
 
Davis C. A., and L. F. Bosart, 2002: Numerical simulations of the genesis of Hurricane 
Diana (1984). Part II: Sensitivity of track and intensity prediction. Mon. Wea. Rev., 130, 
1100–1124. 
 
DiMego G. J., and L. F. Bosart, 1982a: The transformation of Tropical Storm Agnes into an 
extratropical cyclone. Part I: The observed fields and vertical motion computations. Mon. 
Wea. Rev., 110, 385–411. 
 
——, and L. F. Bosart, 1982b: The transformation of Tropical Storm Agnes into an 
extratropical cyclone. Part II: Moisture, vorticity, and kinetic energy budgets. Mon. Wea. 
Rev., 110, 412–433. 
 
Doswell III, C. A., H. E. Brooks and R. A. Maddox, 1996: Flash flood forecasting: An 
ingredients-based methodology. Wea. Forecasting, 11, 560–581. 
 
Evans, J. L., and R. E. Hart, 2003: Objective indicators of the life cycle evolution of 
extratropical transition for Atlantic tropical cyclones. Mon. Wea. Rev., 131, 909-925. 
 
Emanuel, K. A., 1980: Forced and free mesoscale motions in the atmosphere. Collection of 
Lecture Notes on Dynamics of Mesometeorological Disturbances, CIMMS Symposium, 
Norman, OK, University of Oklahoma/NOAA, 189–259. 
 
Franklin J. L., R. J. Pasch, L. A. Avila, J. L. Beven II, M. B. Lawrence, S. R. Stewart, and E. 
S. Blake, 2006: Atlantic hurricane season of 2004. Mon. Wea. Rev., 134, 981-1025. 
 
Fritsch, J. M., R. J. Kane, and C. R. Chelius, 1986: The contribution of mesoscale convective 
weather systems to the warm-season precipitation in the United States. J. Appl. Meteor., 25, 
1333–1345. 



 65

 
——, R.A. Houze, R. Adler, H. Bluestein, L. Bosart, J. Brown, F. Carr, C. Davis, R.H. 
Johnson, N. Junker, Y.H. Kuo, S. Rutledge, J. Smith, Z. Toth, J.W. Wilson, E. Zipser, and D. 
Zrnic, 1998: Quantitative Precipitation Forecasting: Report of the Eighth Prospectus 
Development Team, U.S. Weather Research Program. Bull. Amer. Meteor. Soc., 79, 285–
299. 
 
Gyakum, J. R., and E. S. Barker, 1988: A case study of explosive subsynoptic-scale 
cyclogenesis. Mon. Wea. Rev., 116, 2225–2253. 
 
Hamill T. M., R. P. d'Entremont, and J. T. Bunting, 1992: A description of the Air Force 
real-time nephanalysis model. Weather Forecasting, 7, 288–306. 
 
Harr, P. A., and R. L. Elsberry, 2000: Extratropical transition of tropical cyclones over the 
western North Pacific. Part I: Evolution of structural characteristics during the transition 
process. Mon. Wea. Rev., 128, 2613-2633. 
 
Hart R. E., and J. L. Evans, 2001: A climatology of extratropical transition of Atlantic 
tropical cyclones. J. Climate, 14, 546–564. 
 
Hilderbrand, D. C., 2002: Risk assessment of NC tropical cyclones (1925-2000). 
Masters Thesis., North Carolina State University. (Available from the 
corresponding author). 
 
Holton, J. R., 1992: An Introduction to Dynamic Meteorology. Academic Press, 511 pp. 
 
Jascourt, S. D., S. S. Lindstrom, C. J. Seman, and D. D. Houghton, 1988: An observation of 
banded convective development in the presence of weak symmetric stability. Mon. Wea. 
Rev., 116, 175–191. 
 
Jones, S.C., P.A. Harr, J. Abraham, L.F. Bosart, P.J. Bowyer, J.L. Evans, D.E. Hanley, B.N. 
Hanstrum, R.E. Hart, F. Lalaurette, M.R. Sinclair, R.K. Smith, and C. Thorncroft, 2003: The 
Extratropical Transition of Tropical Cyclones: Forecast Challenges, Current Understanding, 
and Future Directions. Wea. Forecasting, 18, 1052–1092. 
 
Klein, P. M., P. A. Harr and R. L. Elsberry. 2000: Extratropical transition of western North 
Pacific Tropical Cyclones: an overview and conceptual model of the transformation stage. 
Wea. Forecasting, 15, 373–395. 
 
Langmaid, A. H., and A. J. Riordan, 1998: Surface mesoscale processes during the 1994 
Palm Sunday tornado outbreak. Mon. Wea. Rev., 126, 2117–2132. 
 
Lawrence M. B., L. A. Avila, J. L. Beven, J. L. Franklin, J. L. Guiney, and R. J. Pasch, 2001: 
Atlantic hurricane season of 1999. Mon. Wea. Rev., 129, 3057–3084. 
 



 66

Lin, Y. and K. E. Mitchell, 2005: The NCEP Stage II/IV hourly precipitation analyses: 
development and applications. Preprints, 19th Conf. on Hydrology, American Meteorological 
Society, San Diego, CA, 9-13 January 2005, Paper 1.2. 
 
Lin, Y.-L., S. Chiao, T.-A. Wang, M. L. Kaplan, and R. P. Weglarz, 2001: Some common 
ingredients for heavy orographic rainfall. Wea. Forecasting, 16, 633-660. 
 
McCaul, E. W., Jr., 1991: Buoyancy and shear characteristics of hurricane tornado 
environments. Mon. Wea. Rev., 119, 1954-1978. 
 
Menard, R. D., and J. M. Fritsch, 1989: A mesoscale convective complex-generated inertially 
stable warm core vortex. Mon. Wea. Rev., 117, 1237–1261. 
 
Mesinger, F., G. DiMego, E. Kalnay, K. Mitchell, P. C. Shafran, W. Ebisuzaki, D. Jović, J. 
Woollen, E. Rogers, E. H. Berbery, M. B. Ek, Y. Fan, R. Grumbine, W. Higgins, H. Li, Y.  
Molinari J., S. Skubis, and D. Vollaro, 1995: External influences on hurricane intensity. Part 
III: Potential vorticity structure. J. Atmos. Sci., 52, 3593–3606.  
 
Molinari J., D. Knight, M. Dickinson, D. Vollaro, and S. Skubis, 1997: Potential vorticity, 
easterly waves, and eastern Pacific tropical cyclogenesis. Mon. Wea. Rev., 125, 2699–2708. 
 
Olson D. A., N. W. Junker, and B. Korty, 1995: Evaluation of 33 years of quantitative 
precipitation forecasting at the NMC. Wea. Forecasting, 10, 498–511 
 
Ooyama, K., 1964: A dynamical model for the study of tropical cyclone development. 
Geofis. Intl., 4, 187–198. 
 
Pierce C., 1939: The meteorological history of the New England hurricane of Sept. 21, 1938. 
Mon. Wea. Rev., 67, 237–288. 
 
Rappaport, E. N., 2000: Loss of life in the United States associated with recent Atlantic 
tropical cyclones. Bull. Amer. Meteor. Soc., 81, 2065-2073. 
 
Riordan, A. J., 1990: Examination of the mesoscale features of the GALE coastal front of 
24–25 January 1986. Mon. Wea. Rev., 118, 258–282. 
 
Ritchie E. A., and R. L. Elsberry, 2001: Simulations of the transformation stage of the 
extratropical transition of tropical cyclones. Mon. Wea. Rev., 129, 1462–1480. 
 
——, and R. L. Elsberry, 2003: Simulations of the extratropical transition of tropical 
cyclones: Contributions by the midlatitude upper-level trough to reintensification. Mon. Wea. 
Rev, 131, 2112–2128. 
 
Roebber P. J., D. M. Schultz, B. A. Colle, and D. J. Stensrud, 2004: Toward improved 
prediction: High-resolution and ensemble modeling systems in operations. Wea. Forecasting, 
19, 936–949. 



 67

 
Ryan, B., G. Barnes, and E. Zipser, 1992: A Wide Rainband in a Developing Tropical 
Cyclone. Mon. Wea. Rev., 120, 431–447. 
 
Sanders, F., 1955: An investigation of the structure and dynamics of an intense surface 
frontal zone. J. Meteor., 12, 542–552. 
 
Segal, M., and R. W. Arritt, 1992: Nonclassical mesoscale circulations caused by surface 
sensible heat-flux gradients. Bull. Amer. Meteor. Soc., 73, 1593–1604. 
 
——, F. W. Purdom, J. L. Song, R. A. Pielke, and Y. Mahrer, 1986:Evaluation of cloud 
shading effects on the generation and modification of mesoscale circulations. Mon. Wea. 
Rev., 114, 1201–1212. 
 
——, J. R. Garratt, G. Kallos, and R. A. Pielke, 1989: The impact of wet soil and canopy 
temperatures on daytime boundary layer growth. J. Atmos. Sci., 46, 3673–3684. 
 
——, W. L. Physick, J. E. Heim, and R. W. Arritt, 1993: The enhancement of cold-front 
temperature contrast by differential cloud cover. Mon. Wea. Rev., 121, 867–873. 
 
Seman, C. A., 1994: A numerical study of nonlinear nonhydrostatic conditional symmetric 
instability in a convectively unstable atmosphere. J. Atmos. Sci., 51, 1352–1371. 
 
Schubert, W. H., and J. J. Hack, 1982: Inertial stability and tropical cyclone development. J. 
Atmos. Sci., 39, 1687–1697. 
 
Schultz, D.M., and P.N. Schumacher, 1999: The Use and Misuse of Conditional Symmetric 
Instability. Mon. Wea. Rev., 127, 2709–2732. 
 
Sinclair, M. R., 1993a: A diagnostic study of the extratropical precipitation resulting from 
Tropical Cyclone Bola. Mon. Wea. Rev., 121, 2690–2707. 
 
——, 1993b: Synoptic-scale diagnosis of the extratropical transition of a southwest Pacific 
extratropical cyclone. Mon. Wea. Rev., 121, 941–960.  
 
——, 1994: A diagnostic model for estimating orographic precipitation. J. Appl. Meteor., 33, 
1163–1175. 
 
Stull, Roland B., 1988: An Introduction to Boundary Layer Meteorology. Kluwer Academic 
Press: 639 pp. 
 
Sun, W.-Y., and Y. Ogura, 1979: Boundary-layer forcing as a possible trigger to a squall-line 
formation. J. Atmos. Sci., 36, 235–254. 
 



 68

Thurman, J.A. (2003) Numerical Studies of Synoptic and Mesoscale Environments 
Conducive to Heavy Rainfall in Tropical and Extratropical Systems. PhD dissertation, North 
Carolina State University, Raleigh, North Carolina. 
 
Uccellini L. W., P. J. Kocin, R. A. Petersen, C. H. Wash, and K. F. Brill, 1984: The 
Presidents' Day cyclone of 18–19 February 1979: Synoptic overview and analysis of the 
subtropical jet streak influencing the pre-cyclogenetic period. Mon. Wea. Rev., 112, 31–55. 
 
——, R. A. Petersen, K. F. Brill, P. J. Kocin, and J. J. Tuccillo, 1987: Synergistic 
interactions between an upper-level jet streak and diabatic processes that influence the 
development of a low-level jet and secondary coastal cyclone. Mon. Wea. Rev., 115, 2227–
2261. 
 
Weisman M. L., W. C. Skamarock, and J. B. Klemp, 1997: The resolution dependence of 
explicitly modeled convective systems. Mon. Wea. Rev, 125, 527–548. 
 
Willoughby, H. E., 1979: Forced secondary circulations in hurricanes. J. Geophys. Res., 84, 
3173–3183. 
 
——, 1990: Temporal Changes of the Primary Circulation in Tropical Cyclones. J. Atmos. 
Sci., 47, 242–264. 
 
——, H. E., 1995: Mature structure and evolution. Global Perspectives on Tropical 
Cyclones, World Meteorological Organization Rep. TCP-38, 21–62. 
 
Zapotocny T. H., W. P. Menzel, J. A. Jung, and J. P. Nelson III, 2005: A four-season impact 
study of rawinsonde, GOES, and POES data in the Eta data assimilation system. Part I: The 
total contribution. Wea. Forecasting, 20, 161–177. 



 69

 

Figure 1 - Official track of Hurricane Gaston courtesy of the National Hurricane Center. 
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Figure 2 - HPC 32-km QPF (in.) forecast at 00Z 8/30/2004 for the 6-hr period ending at 00Z 
8/31/2004 
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Figure 3 – Upper and lower level plots from the RUC20 analysis at times (a,e) 1200 UTC 29 
Aug, (b,f) 0000 UTC 30 Aug, (c,g) 1200 UTC 30 Aug and (d,h) 0000 UTC 31 Aug.  Plots a, 
b, c, and d consist of heights (black lines, contoured every 40 m) and winds (knots, barbs 
with magnitude shaded) plotted at 200 mb.  Plots e, f, g, and h represent surface features and 
low level temperature fields with mean sea level pressure (black lines, every 2 mb) and 1000-
850 mb thickness (shaded and dashed lines, every 10 m with colder temperatures in darker 
colors).  
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Figure 4 - Low-level 850-700 hPa PV (shaded every 0.4 PVU starting at 0.8 PVU) and winds 
(light grey barbs, knots) with 300-200 hPa PV (contoured every 0.8 PVU starting at 1.6 PVU 
and maxing out at 3.2 PVU) and winds (black barbs, knots) from RUC20 analysis for (a) 
1200 UTC 29 Aug, (b) 0000 UTC 30 Aug, (c) 1200 UTC 30 Aug and (d) 0000 UTC 31 Aug. 
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Figure 5 - 200 mb divergence (shaded, x10-5 s-1), wind speed (contours, knots), and wind 
barbs (knots) from the RUC20.  Times are a.) 1200 UTC 29 Aug, b.) 0000 UTC 30 Aug, c.) 
1200 UTC 30 Aug, and d.) 0000 UTC 31 Aug.
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Figure 6 - PV (shaded every 0.4 PVU starting at 0.8 PVU) and potential temperature 
(contours every 3 Kelvin) from the RUC 20 for (a) 1200 UTC 29 Aug, (b) 0000 UTC 30 
Aug, (c) 1200 UTC 30 Aug and (d) 0000 UTC 31 Aug.  Thin black lines on Figure 2 indicate 
the location of each cross-section. 
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Figure 7 - Cyclone Phase Space diagrams (courtesy of Robert Hart at Florida State 
University, http://moe.met.fsu.edu/cyclonephase/) for Gaston.  Note that at 0000 UTC on 
Aug 31 (denoted by the number “31” on the diagram) Gaston is still warm core, yet losing 
some symmetry and depth. 
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Figure 8 - Hourly (approximately) base reflectivity (dBz with standard National Weather 
Service color palette) from the AKQ WSR-88D with RIC indicated by the black ‘+’.  Exact 
times on 30 Aug are a.) 1402 UTC, b.) 1501 UTC, c.) 1600 UTC, d.) 1701 UTC, e.) 1800 
UTC, and f.) 1859 UTC. 
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Figure 9 - Same as Figure 8, but for times a.) 1959 UTC 30 Aug, b.) 2102 UTC 30 Aug, c.) 
2202 UTC 30 Aug, d.) 2301 UTC 30 Aug, e.) 0002 UTC 31 Aug, and f.) 0101 UTC 31 Aug. 
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Figure 10 - Base reflectivity and velocity from three tornado-producing supercells in 
southeast Virginia on 30 August.  Base reflectivity from the Wakefield radar is on the left 
with radar derived velocities on the right.  Time, county, and gate-to-gate velocities are as 
follows: a.) 1623 UTC, Dinwiddie County, 54.39 kts; b.) 1735 UTC, Hopewell County, 91.3 
kts; c.) 2016 UTC, New Kent County, 75.76 kts.
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Figure 11 - Map of severe weather reports for 30 August.  Red dots in Virginia indicate 
tornados spawned by Gaston. (Image courtesy of the Storm Prediction Center) 
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Figure 12 - Hodograph at RIC from the RUC20 at 1400 UTC on 30 August.  Numbers along 
the line represent the mandatory levels in millibars.  Time chosen to represent the atmosphere 
just before convection begins.   
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Figure 13 - Post-storm precipitation analysis from the Hydrometeorological Prediction 
Center. 
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Figure 14 - Shaded is the 24-hour precipitation total (inches) ending 12 UTC 31 August from 
the NCEP Stage IV analyses. Thick grey lines are interstate highways and the white ‘X’ and 
accompanying value indicate the location and amount of the highest precipitation 
accumulation.  Richmond is located at the intersection of the 3 highways, very near the 
maximum precipitation location.  
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Figure 15 - Stage IV 6-hour rainfall (inches) for the periods ending at a.) 1800 UTC 30 Aug, 
b.) 0000 UTC 31 Aug, and c.) 0600 UTC 31 Aug.   
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Figure 16 - Time series for Ashland, VA, and Richmond, VA (top to bottom) from 0054 
UTC on 30 August to 1154 UTC on 31 August.  Precipitation amounts are from the ASOS 1-
hour totals.
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Figure 17 - Skew-T plots from 2 sites bounding the heavy precipitation area.  To the north-
east is Wallops Island, VA (top) and to the south-west is Greensboro, NC (bottom).  Both 
soundings are for 1200 UTC 30 August.   
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Figure 18 - Omega (negative is upwards) from the RUC20 plotted every 5 microbars second-1 
for the times a.) 1500, b.) 1600, c.) 1700, and d.) 1800 UTC on 30 Aug. 
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Figure 19 – NEXRAD base reflectivities (dBz in color) from radar site AKQ with CAPE 
values from the RUC20 (contours) plotted every 500 J kg-1 at a.) 1300, b.) 1400, c.) 1500, 
and d.) 1600 UTC on 30 August. 
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Figure 20 - NEXRAD base reflectivities (dBz in color) from WSR-88D site AKQ with 
streamlines from the RUC20 overlayed at a.) 1300, b.) 1400, c.) 1500, and d.) 1600 UTC on 
30 August. 
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Figure 21 - Visible satellite image of Gaston from GOES-12 at 1215 UTC on 30 August 
(courtesy of the Naval Research Lab). 
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Figure 22 - GOES-12 Visible imagery of Gaston from a.) 1215 UTC, b.) 1315 UTC, c.) 1415 
UTC, and d.) 1515 UTC 30 August (courtesy of the Naval Research Lab). 
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Figure 23 - 2 meter temperatures (°C with areas warmer than 25 °C shaded) from the RUC20 
at times a.) 1200, b.) 1300, c.) 1400, and d.) 1500 UTC on 30 August.  Richmond is marked 
with a ‘+’.  Note the high temperature values that coincide with the high CAPE values in 
Figure 19 across southeastern Virginia.  Also note the stable 23 degree C temperature on the 
southwest of the domain where thick clouds exist near the center of Gaston.  
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Figure 24 - Time series of temperature and dewpoint in °C at 2 stations in Virginia:  Ashland 
and Richmond (top to bottom).  



 93

 
Figure 25 - RUC20 derived temperature (dark line in °C) profiles in the Skew-T format for 
RIC (location of ‘+’ in Figure 23) at a.) 1200, b.) 1300, c.) 1400, and d.) 1500 UTC on 30 
August.  Thin black lines going up and to the left are dry adiabats; curved dashed lines are 
moist adiabats.  Temperature is on the x-axis and isotherms go up and to the right.  Height is 
expressed in pressure coordinates on the y-axis.  Note warming of layer below 850 mb, 
becoming nearly dry adiabatic by 1500 UTC.  This is indicative of surface heating. 



 94

 
Figure 26 - Skew-T for RIC derived from the RUC20 for 1500 UTC 30 August.  The 
temperature profile (°C) is plotted with the thick black line with the dewpoint profile (°C) is 
the thick grey line.  Plot is in the same format as Figure 25 with the addition of mixing ratio 
lines denoted by light grey dotted lines.  
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Figure 27 - Comparison of 2 meter temperatures (C) from the RUC20 analysis (left) and a 
manual analysis (right).  Plots a.) and b.) are from 1200 UTC while plots c.) and d.) are at 
1500 UTC on 30 August.  Notice the temperature discrepancy in the maxima at 1500 UTC.   
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Figure 28 – Schematic from Blanchard et al. (1998) indicating where inertial stability would 
be lowest (shaded dark). Contours are representative of the Montgomery streamfunction 
(height) on isentropic (pressure) surfaces. Lows and highs marked by L and H, respectively.  
Equation (3.2) is expressed in the lower right corner.  
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Figure 29 - Heights (contoured every 30 meters) and absolute vorticity (10-5 s-1, shaded 
lightly for positive values and darker for negative values with the zero line contoured with 
dashes) at 200 mb from the RUC20.  Times are a.) 1200, b.) 1300, c.) 1400, and d.) 1500 
UTC on 30 August.   
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Figure 30 – 200 mb absolute vorticity (10-5 s-1) at 1200 UTC 30 Aug shaded as in Figure 29 
on both panels with heights contoured every 5 meters on the left and wind-shear contoured 
every 2 sec-1 on the right.  Wind barbs (knots) are plotted on the right panel as well.   
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Figure 31 - NOAA half-degree sea surface temperatures (SSTs) in °C (shaded every 0.5 
degrees) with streamlines from the RUC20 overlaid.  SST analysis is a daily average for 30 
August; streamlines are from 1200 UTC 30 August.
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Figure 32 - 2 meter dewpoint (°C) from the RUC20 at times a.) 600, b.) 900, c.) 1200, and d.) 
1500 UTC on 30 August.  Richmond is indicated by the “+” sign. 
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Figure 33 - Same format as Figure 20 for times a.) 1700, b.) 1800, c.) 1900, and d.) 2000 
UTC on 30 August.  Blue line represents convergence line.   
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Figure 34 – 1000-850 mb layer average winds as barbs (knots) with wind speed contoured 
every 4 knots and shaded when over 16 knots.  Shaded values are at an interval of 8 knots.  
Dashed lines represent areas of maximum convergence.  Times are a.) 1400, b.) 1600, c.) 
1800, and d.) 2000 UTC on 30 August.    
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Figure 35 - Base reflectivities (dBz in color) from WSR-88D site AKQ with 2 m 
temperatures from the RUC20 contoured every 1 °C.  Winds are in knots and represented by 
barbs.  Plots are every 2 hours from 1200 UTC 30 Aug (a.) through 0400 UTC 31 Aug (i.).  
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Figure 36 - From left to right, terms A, B, and P of equation (3.5) for 11 hours from 1500 
UTC 30 August to 200 UTC 31 August.   
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Figure 37 - 24-hour forecasts for 6-hour precipitation (in inches) for (from top to bottom) the 
ETA 218, the GFS 211, and, for verification, the 6-hour observed precipitation from the 
StageIV gridded dataset.  Color palette is consistent with HPC maps.  Forecast validation 
times are ever 6 hours from 00 UTC 30 August to 00 UTC 31 August with time increasing 
from left to right.   
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Figure 38 - Mean sea-level pressure (MSLP – contours in mb) and wind (barbs in kts) from 
the Eta (top row), GFS (middle row), and NARR (bottom row).  Eta and GFS start with the 
0000 UTC analyses on 30 Aug on the left and continue in 6-hour increments to the F18 hour 
forecast time on the right.  The NARR is an analysis for times 0000 UTC, 0600 UTC, 1200 
UTC, and 1800 UTC on 30 Aug from left to right.   
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Figure 39 - Forecast Temperature (C) and wind (barbs; knts) for the Eta (left) and GFS 
(center) at time 1500 UTC 30 August, or F15.  Right panel is the RUC20 analysis for the 
same time (NARR not available at this hour). 
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Figure 40 - Domains used in the NHMASS model with resolutions of d1) 18 km, d2) 6 km, 
and d3) 2 km.
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Figure 41 - Cloud cover percentage from the NHMASS model at F00 after moisture 
synthesis (top left), before synthesis (top right), and IR satellite image from GOES-12 
(bottom).  
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Figure 42 - 2 meter temperatures plotted at forecast time F27, valid 1500 UTC 30 August.  
Models represented (from left to right): GFS, NHMASS with moisture assimilation, and 
NHMASS with no moisture assimilation.  Black line in middle panel marks the cross-section 
path for Figure 60. 
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Figure 43 - 36-hour forecast precipitation (shaded, contoured every 2 inches) valid at 0000 
UTC 31 August.  Model arrangement and labeling is the same as Figure 42. 
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Figure 44 - Surface shortwave radiation (shaded, Wm-2) and 27 deg C isotherm (contour) at 
f26 1400 UTC 30 August.  Left panel is with moisture synthesis, right panel is without.   
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Figure 45 - Vertical profiles of relative humidity with pressure (mb) on a logarithmic scale 
plotted on the y-axis and percentage on the x-axis.   Thick black lines represent the GFS 
analysis, thin black/gray NOBO18, and dashed is from BO18.  The plots are for RIC and at 
times a.) 1200 UTC 29 Aug, b.) 0000 UTC 30 Aug, c.) 1200 UTC 30 Aug, and d.) 1800 UTC 
30 Aug.  The time for panel d was chosen for the proximity to the rainfall event. 
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Figure 46 - 2 m temperatures and 10 m winds valid at 1500 UTC Aug 30, forecast time F27 
for the 18 km and 6 km simulations, but forecast time F05 for the 2 km simulation which was 
initialized at 1000 UTC 30 August.  Plots are arranged as such: a.) manual analysis, b.) 18 
km, c.) 6 km, d.) 2 km. 
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Figure 47 - Total precipitation (inches) shaded with contours every 2 inches.  Plots are, from 
left to right, the 18 km, 6 km, and 2 km NHMASS simulations.  For the 18 km and 6 km, 
precipitation totals are for a 36 hour simulation while the 2 km totals are for a 14 hour 
simulation.  All simulations end at 00 UTC 31 Aug.   
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Figure 48 - 2 m temperature (shaded, °C), sea level pressure (black lines, mb), half-hourly 
precipitation (white lines, inches), and 10 m winds (barbs, knots) from the BO2 simulation.  
Times are a.) 1200, b.) 1230, c.) 1300, and d.) 1330 UTC 30 August. 
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Figure 49 - Same format as Figure 48 for times a.) 1400, b.) 1430, c.) 1500, and d.) 1530 
UTC on 30 August. 
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Figure 50 - Same format as Figure 48 for times a.) 1600, b.) 1630, c.) 1700, and d.) 1730 
UTC on 30 August. 



 119

 
Figure 51 - Same format as Figure 48 for times a.) 1800, b.) 1830, c.) 1900, and d.) 1930 
UTC on 30 August. 
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Figure 52 - 200 mb absolute vorticity (shaded, x10-5 s-1), heights (black lines, every 5 m), 
winds (barbs, knots), and half-hourly precipitation at the surface (white lines, inches) from 
the BO2 simulation.  Areas of negative absolute vorticity are indicative of inertial instability.  
Times correspond with the times in Figure 48. 
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Figure 53 - Same format as Figure 52 with the same times as Figure 49. 
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Figure 54 - Same format as Figure 52 with the same times as Figure 50. 
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Figure 55 - Same format as Figure 52 with the same times as Figure 51.
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Figure 56 - Cross sections (a1, b1, c1) with omega (microbars/s, upward motion shaded), 
potential temperature (K, thin black lines), absolute vorticity zero line (s-1, thick black line), 
and circulation parallel to the cross section plane (arrows scaled for readability).  Plots a2, 
b2, and c2 show temperature (°C, shaded) and 30-minute rainfall (black contours at 0.1, 0.25, 
0.50, and 1.0 inches) with the location of each corresponding cross section indicated by the 
thick black line.  All plots are from the BO2 simulation with times, from top to bottom, of 
1300 (f03), 1500 (f05), and 1700 (f07) 30 August.
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Figure 57 - 200 mb heights (contours, thicker for highest three contours in domain), winds 
(barbs, knots) and areas of negative absolute vorticity (shaded, s-1) for times 300 UTC (left) 
and 1700 UTC (right) 30 August from the BO6 simulation.   
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Figure 58 - BO2 975 mb potential temperature (K, shaded), half-hourly precipitation (inches, 
white lines) and frontogenetical forcing due to a) confluent deformation (x 10-8), b) shear 
deformation (x 10-8), and c) tilting effects (x 10-8) [black lines plotted at 10, 50, and 200 
K/ms].  Simulations are for time F05, or 1500 UTC 30 August.  
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Figure 59 - Same time, date, and format as Figure 58, but for 500 mb.   
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Figure 60 - Geostrophic absolute momentum (Mg, dark contours, units of m/s) and saturation 
equivalent potential temperature ( *

eθ , dashed lines, units of Kelvin) plotted in a vertical cross 
section along the black line in Figure 42.  Cross section is at time 1500 UTC (F27) from 
simulation BO18.  Orientation is, from left to right, SW to NE.  Areas of conditional 
symmetric instability are approximated by the light shaded areas “CSI1” and “CSI2”.  
Conditional instability is indicated by the dark shading labeled “CI”. 
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Figure 61 - Schematic of relevant processes to heavy precipitation during Hurricane Gaston.  
Satellite image is from the GOES-12 at 1615 UTC 30 August.   
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