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ABSTRACT 

 

THESIS: An Observational Study of Urban Modified Thunderstorms Across the Nashville Metro 

Area, 2003-2012 

STUDENT: Kelly D. Boyd 

DEGREE: Master of Science 

COLLEGE:  Sciences and Humanities 

DATE: July 2013 

PAGES:  86 

A ten year analysis was conducted on the ten county Nashville metro area to determine which 

atmospheric thermodynamic parameters are important for thunderstorm development in North-Central 

Tennessee. Spatiotemporal patterns of thunderstorm activity around the city were also studied. Two case 

studies depicting initiation (July 10, 2009) and bifurcation (June 13, 2010) of thunderstorms were 

additionally discussed. The purpose of the analysis was to determine whether heat from the urban heat 

island (UHI) or moisture from the Gulf of Mexico was a larger factor in thunderstorm formation. A 

similar methodology completed by Dixon and Mote (2003) for Atlanta, Georgia was used for Nashville, 

Tennessee. Two land based weather stations collecting dry-bulb temperatures, twice daily radiosonde 

measurements, and local NEXRAD weather radar were used to determine where, when, and how 

thunderstorms developed around Nashville. One-sample t-test hypothesis testing of 24-hour land-surface 

temperature differences ahead of each event along with average daily radiosondes dry-bulb and dewpoint 

temperatures at five standard pressure levels were examined to determine if statistically significant mean 

differences (α = 0.05) were found between average study days. Atmospheric stability indices and other 

moisture parameters such as precipitable water (PWAT), mixing ratio, theta-e, and lapse rates were 

examined for average differences between average study days. Ultimately, 22 events were found (18 

initiations and 4 bifurcating) over the 10-year period with the non-drought years 2005 and 2010 
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exhibiting the most events. The warm season month of August showed the largest distribution of events 

with 8 events during diurnal hours (between 2 p.m.-4 p.m. CDT). The analysis also found 12 storm 

centers (32%) formed within 1km of interstate highways with 77% (23) of initiation locations falling 

within 3 km of limited access highways. Statistical results showed that moisture, rather than heat from the 

UHI, were a larger component to thunderstorm formation over the city of Nashville. 
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I. INTRODUCTION 

 

 

Over the past 40 years, research has shown that urban areas or cities can modify weather and 

climate (Shepherd 2005). Three well known meteorological modifications of the urban environment are: 

(1) higher boundary layer surface temperatures due to increased surface absorption of solar radiation [also 

known as the urban heat island (UHI)]; (2) modified wind flows due to elevated urban land-surface 

features; and (3) increased haze or poor air quality due to pollution and aerosol emissions arising out of 

elevated combustion and industrial processes. While these three phenomena of urban climatology have 

been studied extensively, the impacts of these meteorological variables (heat, wind, aerosols) on other 

atmospheric phenomenon such as precipitation type, clouds, and thunderstorms are largely unknown.  

Further research is needed to comprehend the complex surface-atmosphere interactions between the urban 

environment and the lower atmosphere.  

Prior research has attempted to answer the question of why urban areas influence precipitation 

and thunderstorm formation (e.g., Bornstein and LeRoy 1990; Dixon and Mote 2003; Cotton and Pielke 

2007), and results suggest all three urban meteorological variables may play an important role in the 

modification of precipitation and convective processes.  Still, researchers have not identified one single 

predominate meteorological factor responsible for urban-induced precipitation. The most widely known 

in-depth examination on the subject of precipitation and cities was conducted by the METROMEX (The 

Metropolitan Meteorological Experiment) project in the 1970s over the St. Louis, Missouri metropolitan 

area (Changnon 1981).  The results from the study indicated that urban topography influences 

precipitation, yet the exact elements needed from urban land-surface features impacting precipitation have 

not been identified. As the first observational study to use weather radar, the METROMEX project found 
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precipitation maxima, usually formed above and downwind of St. Louis during the late afternoon hours 

during the warm season months (MJJAS) from 1971 until 1975. Several recent observational radar studies 

have also detected increased precipitation returns downwind of cities such as Atlanta, Indianapolis, and 

New York City (Bentley et al. 2009; Niyogi et al. 2011; Bornstein and LeRoy 1990). Research is still 

needed to understand what specific topographic features and meteorological variables are the possible 

causes of urban thunderstorm formation. More findings are needed to determine the cause of increased 

precipitation downwind of cities for various other spatial and geographic configurations. 

Previous urban precipitation studies have focused on modeled and synoptic-scale environments 

rather than observational mesoscale or local scale forcing (e.g. Salamanca et al 2011; Bentley et al 2012). 

Bornstein and Lin (2000) found thunderstorms around the Atlanta metro area formed mostly in low 

synoptic flow environments during days when urban-to-rural temperatures vary greatly. An urban 

temperature measurement was recorded at a weather station existing in a location predominately 

surrounded by urban land cover (e.g. a location near asphalt, concrete, or high heat absorbing material). In 

contrast, a rural temperature reading was based upon a weather station that exists in an expansive 

vegetative area absent of heavy urban land cover. Bornstein and Lin (2000) found the UHI intensity, the 

difference between urban and rural temperatures, were elevated as high as +2.0° Celsius (C) before the 

time of initiation of several different thunderstorm forming events. In some cases, Bornstein and Lin 

(2000) also found thunderstorms split when traversing over the city of Atlanta during periods of elevated 

temperature differences. A further analysis is needed to determine if such UHI conditions are present in 

other cities and to determine if urban areas aid in thunderstorm bifurcation. 

Identifying an origin and/or a list of factors that influence thunderstorm formation within urban 

environments are essential since numerous atmospheric hazards, such as lightning, flash flooding, hail, 

and wind damage are all possible from thunderstorms. These hazards can impact the economy through 

increased insurance expenses and private reconstruction costs especially in densely populated areas such 

as cities. Excess precipitation from thunderstorms can also adversely impact a region from a loss of 



3 
 

agricultural production due to increased disease from excess moisture. Additionally, an increase in water 

runoff from urban pollution into rivers and streams can negatively impact the natural environment.  

Thunderstorms from cities can also amplify the risk to public utility infrastructure by either an increased 

flood potential or cloud-to-ground lightning strikes during these events. Thus, it is imperative that society 

continues to study the causes and patterns of urban modification of thunderstorms to help predict, to plan, 

and to learn why thunderstorms persist over urban areas.  

 The objective of this study is to build upon previous research conducted in Atlanta by continuing 

to identify what thermodynamic factors are more predominate in thunderstorm formation around 

Nashville, Tennessee. Additionally, the spatiotemporal aspects of thunderstorm behaviors around 

Nashville are examined in this research. The methodology employed in the proceeding analysis will 

replicate the Atlanta-based study of Dixon and Mote (2003). The intent of repeating this study is to 

determine if heat rather than moisture is a greater dominate factor in thunderstorm formation over the city 

of Nashville. The study hypothesized abnormal heat rather than abnormal moisture would be prevailing 

during the development of a large proportion of thunderstorms around and within Nashville. The specific 

study hypotheses for this analysis are: (1) abnormal heat over the city of Nashville (temperature 

difference of urban to rural temperature magnitudes of 1.5°C or greater) at the time of thunderstorm 

initiation and/or 24 hours ahead of the event will be present; (2) anomalous moisture (dew point values 

greater than a 2.0°C difference between thunderstorm UHI days and average study days) and added 

instability from a surface moist tropical air mass will be in place; (3) a majority of  thunderstorms 

initiations will development within 5 km of interstate highways.  

Nashville is a perfect city to compare to the city of Atlanta given that Nashville is slightly north 

of the Atlanta metro area and is more centrally located within the North American continent. The 

topography around Nashville is similar to Atlanta as both cities are located in the foothills of the 

Appalachian Mountains. Additionally, the largest Tennessee city has a much smaller urban footprint than 

Atlanta allowing for comparisons of UHI size to thunderstorm frequency. Dixon and Mote found 20 
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thunderstorm days over the five year study where the UHI was slightly elevated 24 hours ahead of each 

event. The conclusion of the research found the presence of abnormal moisture to be a more important 

component to thunderstorm formation than heat from the UHI along interstate highways. Similar findings 

will be determined in this analysis. 
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II. LITERATURE REVIEW  

 

 

This study proceeding examines the impact of the Nashville metro area on convection and 

thunderstorms. Understanding urban land-surface interactions and its impact on atmospheric processes are 

imperative since thunderstorms can present numerous hazards, directly impact socioeconomic costs, and 

influence agricultural production over the long term.  The results are especially important since a recent 

report has found over 82% of the U.S. population lives within an urban area (United Nations 2007). The 

trend of population growth into urbanized areas is predicted to continue expanding beyond 90% by the 

year 2050. The purpose of the Nashville study is to help to determine if abnormal atmospheric conditions 

of heat and moisture are needed for UHI convective events. The proceeding chapter will highlight on the 

past and current theories to why thunderstorms initiate, bifurcate, and form downwind of urban areas.    

2.1 Current Theories on Urban Convective Initiation and Processes: 

Observational evidence and past modeled scenarios suggest three main theories on why 

thunderstorms develop and are modified by the urban environment. These theories include: (1) increased 

anthropogenic heat release from the UHI (Shepherd 2002); (2) increased surface convergence due to 

urban roughness lengths (Oke 1987); and (3) higher concentrations and sizes of giant cloud condensation 

nuclei (GCCN) from urban combustion (Rosenfeld 2003). All three forcings imply that the natural 

process of convection are amplified or produced from the urban environment. The first two theories 

concentrate on the role of dynamic forcing while the third hypothesis focuses on the urban microphysical 

process of aerosols.  
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2.1.1 Thermodynamic forcing: Instability and convergence caused by urban heating  

 Most cities are surrounded by vegetative land surfaces, which absorb incoming solar radiation 

(insolation). The interaction between urban and rural temperatures allows for evapotranspiration 

differences and yield to lower land-surface temperatures. In contrast to rural areas, urbanized areas have 

various land surfaces with various elevated albedo and emissivity values throughout the urban landscape. 

These urban reflectors, blackbodies, and grey-bodies either reflect (e.g. glass, concrete) or absorb (e.g. 

asphalt, shingles) incoming solar radiation throughout the environment. The complex urban surface 

allows for higher land-surface temperatures to exist given a large spatial area of solar absorbing surfaces 

and blackbodies (Oke 1987). Eventually, the high solar absorbing urban surface will release heat back 

into the environment. This simultaneous process releases heat through conduction into the atmosphere 

where heat is then eventually moved via convective processes throughout the lower atmosphere. 

Ultimately, the lower warming of air in the urban boundary layer allows local instability to occur above 

and around a city. If enough solar radiation is absorbed by the urban environment, a strong temperature 

and pressure gradient between the urban core and rural areas can create a convergence zone (Figure 2.1).  

A circular flow is then established permitting cool air from rural areas to be advected toward the warmer 

urban core, thereby pushing unstable air aloft.  

As warm air rises, a temperature inversion is initially encountered in the early morning hours. 

After natural day time heating of the lower atmosphere and warming of the UHI surface, the inversion is 

removed by equivalent air parcel temperatures. Once air parcel temperatures are reached and continue to 

become heated through solar processes, air parcels rise and cool to the saturation point allowing for 

clouds to form. If excess moisture is present in these “urban air parcels”, precipitation and thunderstorms 

can be produced over large urban areas. Therefore, precipitation tends to form more predominately over 

urban areas. Many other theories suggest factors such as heat and moisture emissions by industrial plants, 

automobiles, and building air conditioning units can also contribute sensible and latent heat to the 

environment aiding in additional parcel lift (Cotton and Pielke 2007). 
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Figure 2.1 (Top): Horizontal visual representation of an urban area convergence area. (Bottom) Vertical 
representation of an urban convergence zone (Cotton and Pielke 2007) 

Since diurnal heating of the surface tends to take place in regions of large air subsidence. Air-

mass thunderstorms (ordinary/single-cell) tend to be the predominate phenomenon studied when 

examining precipitation and urban land-cover. According to one recent study, air-mass thunderstorms 

tend to be initiated to a higher degree by convergence forcing mechanisms than by any other possible 

forcing mechanism during the summer months of June to August due to strong solar radiation (Bentley et 

al. 2010). The recent theory suggests that by studying thunderstorms in a low mechanical forcing 

environment during strong solar heating, researchers can determine what effect, if any, urban areas or the 

UHI have on precipitation and thunderstorms. Thus, if observational findings and measurements can be 
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made between urban-atmosphere interactions, the scientific community can better understand the role of 

these processes and apply similar theories on much larger scales.  

Additional research has suggested if wind velocities are slightly elevated aloft, the resulting 

convergence zones and areas of convection may be advected downwind or along the edges of cities 

(Stallins and Bentley 2006; Bornstein and Lin 2000). Due to this advection, precipitation tends to be 

heavier downwind of urban areas and not directly over the cities. Other studies have shown thunderstorms 

bifurcate or split around urban centers and reform stronger downwind of cities (Niyogi et al. 2006).  

Figure 2.2 shows a case study in which a thunderstorm split around the city of Indianapolis on June 13, 

2005 (Niyogi et al. 2011). 

 

Figure 2.2 An example of a thunderstorm splitting over the metropolitan area of Indianapolis, IN (Niyogi 
et al. 2011) 

 

Niyogi et al. (2011) completed additional research on thunderstorms and the greater Indianapolis 

area from May 2000 until August 2009 and found that 60% of the 91 thunderstorms studied changed 

composition and structure after moving over the city center. Additionally, Niyogi et al. found 71% of day-

time thunderstorms were impacted compared to only 25% of nocturnal thunderstorms. The study 

concluded that Indianapolis impacts thunderstorms as diurnal convection moves over the metropolitan 

area. 
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Three recent observational studies on the UHI/thunderstorm linkage and, directly related to the 

preview of the Nashville study, were conducted by Shepherd (2002), Dixon and Mote (2003) and Bentley 

et al. (2011). Shepherd (2002) found precipitation higher downwind of five U.S. cities (Atlanta, 

Montgomery, Dallas, Waco, and San Antonio) over a two-year period using remote sensing technologies. 

The Shepherd study was one of the first studies to use satellite technology [the Tropical Rainfall 

Measuring Mission (TRMM) satellite] to observe the direct connection between remotely-sensed UHIs 

and precipitation. The increased rainfall amounts downwind of UHI locations were found to be up to 28% 

higher than upwind areas of the cities. Thermal imagery from land-sensing satellites (LANDSAT) could 

confirm the UHI through surface temperature imagery and subsequently follow the connection of rainfall 

accumulation downwind of the urban locations. Shepherd also found a 5.8% increase of rainfall 

accumulation extending orthogonal and to the right of the main prevailing flow within 50 km of the UHI.  

Dixon and Mote (2003) examined the spatiotemporal patterns of thunderstorms as well as the 

overall synoptic-air mass environments needed for UHI induced thunderstorm events for Atlanta. The 

hypothesis of the study was to test if thunderstorm events were connected to the intensity of the UHI. The 

study also examined the dominate Spatial Synoptic Classification (SSC) air mass in place during 

specified events. The SSC was developed originally by Kalkstein et al. (1996) and was modified by 

Sheridan (2002) to classify climate by moisture and temperature geographically across the United States. 

Dixon and Mote (2003) concluded from 20 days that 37 urban initiation locations occurred over a 5-year 

period and that low-level moisture was more important factor in thunderstorm formation than the heat 

intensity given off by the UHI. The study found July had the highest average thunderstorm initiation 

periods with twelve events followed by August and then May. Most UHI-based thunderstorm events were 

found to take place just after midnight local time when moist tropical air masses [moist tropical (MT) or 

moist moderate (MM) SCC types] were in place, with the majority of thunderstorms (56%) developing 

within a 5 km buffer around local interstate highways. Additionally, a majority of these thunderstorms 

developed close to the urban center of Atlanta (Cobb County).  
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 Bentley et al. (2011) studied the specific thermodynamic profiles and stability indices needed for 

UHI thunderstorm formation using observed sounding data for Atlanta from 1997-2006.  A complex 

multivariate statistical analysis using beta clustering on eight sounding parameters was employed to find 

patterns and similarities within the data. The flexible beta clustering method used in the analysis 

attempted to establish the best combination of synoptic scenarios for which thunderstorms tended to 

initiate. The parameters included: Convective Available Potential Energy (CAPE), the total totals index 

(TT), the lifted index (LI), the k-index (KI), the mean mixed layer potential temperature (MML theta-e), 

the mean mixed layer mixing ratio (MML-MR), the 1,000-500 hPa layer thickness, and the precipitable 

water content (PWAT). The analysis found four main groupings with the majority of the events (n = 69) 

falling between the following parameters: CAPE values between 192-1,148 J kg-1; 44-46 TT indices; -3-0 

LI value; a 33-35 KI value; 302-303 Kelvin (K) mean mixed layer potential temperature; an average 14-

16 g kg-1 MML-MR ; a 5,764-5,766 geopotential meter (gpm) 1,000-500 hPa layer thickness; and 45-48 

mm PWAT content through the entire sounding. The values found by Bentley et al. indicate moderate 

thermodynamic instability is needed for UHI-thunderstorm development to initiate. The study also found 

UHI initiation events tend to have a strong high pressure in place from the surface to the 250 hPa level 

directly over the city with slightly elevated temperatures and lapse rates to the 500mb level. Bentley et al. 

concluded forcing mechanisms other than the UHI increased the likelihood of convection, aerosol size 

and concentration affected updrafts for thunderstorms, and areas around Atlanta are important dynamical 

forcing components for thunderstorm initiation. 

2.1.2 Dynamic forcing: enhanced convergence due to urban surface roughness lengths 

Another theory why thunderstorms are associated with cities centers on variations in roughness 

lengths. Roughness length is a parameter to measure the complexity of a surface by averaging land-

surface feature heights compared to the square area of land-surface features (Oke 1987). Higher land-

surface values indicate a rougher surface, meaning higher turbulence and slower wind speeds. A 

roughness length value closer to zero indicates a flat, more homogenous surface allowing for elevated 
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wind speeds both at the surface and aloft. Urban environments have a complex surface allowing for 

slower wind speeds due to higher roughness lengths (Figure 2.3). As wind flow slows, the wind is either 

directed around or over a land-surface feature. As a result, the perturbation displaces air above and on the 

leeward side of an urban object. In some cases, the entire urban area (Figure 2.4) may impact air flow 

around a city. The “urban” perturbation in air displacement is similar to the process of leeward 

cyclogenesis at the synoptic scale with natural terrain but in these instances at a meso or local scale with 

anthropogenic surfaces. The spin or eddies induced by the wake of the man-made urban topography can 

cause air to converge and rise thereby allowing convection to take place downwind of urban objects such 

as large-tall buildings. 

 

Figure 2.3:  A vertical diagram illustrating at various scales the effect of topography on wind and chaotic 
flow within an urban boundary layer (UBL) and urban canopy layer (UCL). Increased turbulence can 
induce convective eddies within a urban location (Oke 1987 and modified by Shepherd 2005) 
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Figure 2.4: A diagram displaying downwind convergence from an urban area. Notice the size of wind 
flow vector arrows over the city compared to wind vectors upwind, around and downwind of cities. The 
downwind areas are conducive to convection and thunderstorms (Cotton and Pielke 2007). 

 

Many studies have confirmed the theory of urban convergence through observational field 

campaigns throughout the United States. The urban convergence theory was first proposed and studied in 

the 1970s through the observational METROMEX investigation of St. Louis (Changnon 1981). Heavier 

precipitation was found downwind of the commercial business district and northeastern portions of St. 

Louis. Changnon also discovered the urban boundary layer was 100 to 400 meters higher than the 

surrounding rural areas. Changnon et al. also found air mass or ordinary thunderstorms were found to 

occur 116% more frequently downwind of St. Louis than in other rural areas around St. Louis.  In another 

study for New York City (NYC), Loose and Bornstein (1977) found cold fronts and mesoscale 

boundaries tended to slow down upwind of the city and speed up downwind of the city. The phenomenon 

of boundaries slowing down over cities can be explained by higher roughness lengths and surface drag 

from urban-building topography. 
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Thunderstorms have been found to split due to wind flow through the city. Bornstein and LeRoy 

(1990) first found that NYC split thunderstorms moving over the city and that thunderstorms initiated 

over cities during calm synoptic flow days. Bornstein and LeRoy also found radar reflectivity returns 

were higher along the edges and downwind of the city with lower precipitation reflectivity returns over 

the city indicating a possible split and lapse in precipitation over NYC. In Atlanta, Bornstein (2000) 

confirmed thunderstorms tend to split, initiate, or develop downwind of the urban center. Studying wind 

and precipitation across the Atlanta metro area from July 26-August 3, 1996, Bornstein et al. found 

thunderstorms formed primarily over convergence zones for three events over the eight day period at 

around 6:30 am EDT, 8:45 a.m. EDT and 2:45 p.m. EDT. Convection was found to occur along strong 

UHI boundaries with rural regions surrounding Atlanta during calm synoptic flow periods with surface 

winds below 4 m s-1. Weak synoptic flow indicates a mixed role of both forcing mechanisms (the UHI 

and UBL winds) play a vital role in thunderstorm formation around cities. 

 Numerical models have confirmed theories of airflow impacting convection downwind of urban 

areas (Thielen et. al. 2000; Baik et al. 2000; Craig and Bornstein 2002; Rozoff et al. 2003; Adegoke and 

Gallow 2004). Early urban numerical models used mesoscale models and incorporated urban land cover 

data to test current roughness length variations. Thielen et al. (2000) was one of the earliest contemporary 

researchers to model the urban boundary layer in two-dimensions. Thielen examined two events over 

Paris, France during June 1999 to determine the maximum spatial extent in which to encompass heat 

fluxes and roughness lengths efficiently for a city initiating precipitation. The study determined two 

important factors for future numerical modeling: the largest scale possible scale should be in the meso-

gamma scale (largest spatial extent should be less than 20km) and urban precipitation events should be 

studied within a 4 hour period or less when studying events. Thielen also determined that when the UHI is 

weak, surface sensible heat fluxes, convergence, and buoyancy variations were more important downwind 

from a city. The Thielen study concluded precipitation downwind or on the lateral edges of cities were a 

more important factor to examine than thunderstorms directly over the urban heat core. 
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Craig and Bornstein (2002) advanced numerical modeling by examining Atlanta in a three-

dimensional mesoscale model version 5 (MM5) to reconstruct thunderstorms within a controlled 

environment. Craig and Bornstein were able to model some of the events with the city of Atlanta and 

found localized convergence zones with elevated vertical velocities, which could play a major role in 

anthropogenic aided convection. The maximized vertical velocities associated with convergence zones 

were located under the observed thunderstorms over Atlanta (Bornstein and Lin 2000). The Bornstein 

research was the first to undertake modeling of the city impacting convection within in a three-

dimensional realm and to try to see how thunderstorms and cities interact in a virtual landscape. 

Rozoff et al. (2003) also tested the theory of urban surface convergence due to increased 

roughness through numerical modeling by simulating a 1999 St. Louis storm event. The study found that 

convergence on the leeward side of the city exhibited an important role in initiating thunderstorms. 

Rozoff et al. concluded that increased momentum drag over the city induces convergence on the 

windward side of the city, but it does not necessarily always cause thunderstorm formation. Momentum 

drag is caused by wind shear and pressure differences around an object (Oke 1987). The study concluded 

that urban heat fluxes, wind flow, frictional drag, and vertical velocities are important factors when 

examining convection and thunderstorms around cities. Currently, researchers are concentrating on 

developing specific micro-scale urban models to test site-specific roughness length variations impacts on 

convection at a higher resolutions (Holt and Pullen 2007; Miao et al. 2009; Salamanca et al. 2011; Niyogi 

et al. 2011; Flagg and Taylor 2011). A great need exists in identifying events in which thunderstorms are 

impacted by cities for simulation in numerical modeling to determine the connection between 

thunderstorms and cities.  

2.1.3. Microphysical forcing: higher concentration of CCN from urban combustion 

A third theory has suggested that large distributions of giant cloud condensation nuclei (GCCN) 

in urban plumes help the collision and coalescence process consequently allowing for precipitation and 
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thunderstorms to form. Updrafts from the urban environment are thought to cause GCCN to reach higher 

levels of the atmosphere thereby allowing clouds to become glaciated (Figure 2.4). The “urban clouds” 

identified by Rosenfeld, frequently live longer, grow higher, and last longer than typical “non-urban 

clouds” or clouds encompassing much smaller CCN (Cotton and Pielke 2007). Other studies have found 

GCCN aerosols from urban environments can suppress rainfall from GCCN (e.g., Rosenfeld 2000; 

Ramanathan et al. 2001, Givati et al. 2004).  

 

Figure 2.4: Above/top image displays a convective scenario with small and low concentrations of CCN. 
Below/bottom diagram shows a convective scenario with high concentrations of GCCN allowing for 
taller, glaciated, longer-lasting clouds (Rosenfeld 2007). 

 Ramanathan et al. (2001) has suggested that aerosols suppress precipitation since a significant 

portion of aerosols decrease the amount of solar radiation reaching the surface, which in turn evades 

warming thus reducing surface heating and evaporation needed for cloud formation. The study continues 
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by stating aerosols retain heat from solar energy and consequently warming the air aloft. Warming air 

aloft stabilizes the surrounding air by suppressing parcel lift and prohibiting convection through 

inversions. Other suppressing theories suggest certain sizes and concentrations of CCN from aerosols 

prohibit the conversion of cloud droplets into rain droplets, which are slower to coalesce into 

hydrometeors (Gunn and Phillips 1957).  In more recent studies using satellites, researchers have 

observed urban and industrial air pollution may completely suppresses precipitation with carbon-based 

smoke from forest fires (Rosenfeld 2000; Rosenfeld et al. 1999). 

Additional theories show carbon-based aerosols can aid in convection. Combustion within urban 

environments follows similar convection processes seen in warmer environments (e.g. burning smoke in 

the Amazon Forest). The burning of carbon-based material can actually invigorate convective processes 

by adding excess aerosols into the atmosphere (Andrea et al. 2004). Figure 2.4 shows the high 

concentrations of aerosols in urban environments can lack efficient cloud droplets coalescence on carbon 

based GCCN. Therefore GCCN allow more water vapor to collect on the GCCN through longer 

condensation processes within the cloud within urban environments. Thus the process of longer cloud 

nucleation may be applicable to warm urban environments with large aerosol concentrations (Shepard 

2005). Aerosols can initially suppress the onset of precipitation in warm convective clouds that develop in 

moist tropical environment; as a result, downdrafts are delayed allowing for stronger downdrafts later in 

the convective life-cycle of thunderstorms, which can then induce other stronger convection through 

outflow boundaries.  Suppressed downdrafts of thunderstorms allow clouds to uptake more water vapor 

and allow a more efficient rimming process (Rosenfeld 2008b). Increased rimming of hydrometeors 

allows for greater cloud electrification and potentially more lightning strikes around cities as noted in 

some studies (e.g. Rose et al. 2008).  
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Supplementary theories based on experiments have suggested aerosols may invigorate cloud 

growth and precipitation. Studies have shown sub-micrometer CCN decrease precipitation from shallow 

clouds and invigorate deep convection with clouds exhibiting warmer lifted condensation levels greater 

than 15°C (Koren et al. 2005; Rosenfeld et al. 2006; Rosenfeld et al. 2008a; Bell et al. 2008). GCCN 

aerosols and warm clouds have shown large concentrations of aerosols can delay cloud droplets 

converting into rain droplets, a process known as  autoconversion (Rosenfeld et al. 2008b). When 

autoconversion is delayed, water droplets remain in the cloud longer allowing for the cloud to last over a 

greater period of time and permitting cloud droplets to rise well into the troposphere and become 

glaciated  (also shown in Figure 2.4). A greater cooling of the cloud aloft allows heat and moisture to be 

transported from the surface into the cloud base. The process of heat absorption would elevate heat 

transport into the atmosphere, increase CAPE and in turn create more rainfall once the cloud reaches 

maturity.  

One observational study to help determine the relationship between precipitation, CCN, and 

urbanization was conducted in Phoenix, Arizona. Diem et al. (2003) studied precipitation data from 1890 

until 2000 for the Phoenix Metro Valley to determine if precipitation was higher downwind of the city 

than other basins around the city. The study concluded through statistical means that precipitation was 

higher during 1950 to 2000 during the rapid urbanization of Phoenix, and it was due mostly to increased 

water vapor and aerosols from irrigation as well as increased pollution-generating activities.  

In a more recent study using modeled simulations, van den Heever et al. (2006) found a more 

plausible link between cities and thunderstorms. The study for St. Louis used a June 1999 event initially 

used by Rozoff (2003) to test if aerosols played a role in thunderstorm events rather than dynamic forcing 

from urban land-cover. It was found that the convergence effect of the UHI has more to do with 

thunderstorms developing rather than aerosols in controlled simulations. The study however noted GCCN 

and excess aerosol concentrations from the St. Louis metro area did enhance cloud water and rain formed 

more rapidly than in the control simulation in which only natural aerosols were present. But the excess 
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GCCN observation was observed after thunderstorms were initiated by the urban environments. Van den 

Heever and her team also noted stronger updrafts which was a result of a longer autoconversion rate. The 

study also noticed higher electrification of clouds with excess lightning strikes than scenarios without 

excess concentrations of aerosols. The research paper did note the excess electrification case was 

conducted on only one location with certain atmospheric parameters so further modeling and more events 

at other locations are needed to model.  

In one of the first observational studies and non-numerical simulation of aerosols and 

precipitation, Lacke et al. (2009) discovered when aerosol concentrations were higher for the city of 

Atlanta that the precipitation was heavier downwind of the city.  The study used two years of EPA air 

monitoring data studying how precipitation varied with aerosol concentrations by certain days of the 

week. The team found high aerosol days had higher CAPE values, lower convective inhibition (CIN), and 

a slightly shallow mixing layers compared to low aerosol days. Lacke et al. found Thursday had the 

highest concentration of particulate matter (PM 2.5μm) with Monday and Thursday having the largest 

area of significantly different precipitation than any other day of the week. In general, the report found 

during high aerosol days weather stations downwind of Atlanta reported statistically significant higher 

precipitation amounts than lower aerosol days.  

2.2 Further research need  

In the proceeding analysis, ordinary thunderstorms will be studied in and around Nashville from 

May until September for a ten year period given the large amount of studies who studied the same period 

(Dixon and Mote 2003; Shepherd 2005). A longer study period was selected to capture events during the 

transitional periods (spring and fall seasons) and to gather a longer time series. Several deficiencies exist 

with past studies outlined in the preceding chapter, hence further research is needed. First, a majority of 

earlier studies only examine a short interval of time. Most, if not all recent studies, analyze the 

relationships of precipitation and cities in less than a five-year time period or only one to two selected 
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events. A longer time period and sample size is needed to determine patterns on thunderstorm formation 

and movement. The current analysis will study ten years (2003-2012) of data for thunderstorm initiation 

patterns and environments around Nashville. A second major deficiency involves geography; most prior 

theories were concluded on only one or a few common cities (e.g. Atlanta, New York City and St. Louis). 

Other locations throughout North America are needed to gather observational data to determine if varying 

geographies and spatial layouts of cities have different impacts on convection. The current research will 

expand to Nashville to determine if similar patterns apply that were found in Atlanta.  Nashville has 

similar topography to Atlanta and experiences similar atmospheric patterns to Atlanta. The Nashville 

analysis will only examine the thermodynamic (temperature and moisture) forcing mechanisms as the 

preceding method appears to be the responsible factors for initiated and modifying thunderstorms. Micro-

scale/local scale wind patterns, urban CCN, pollution and aerosols within the study area will not be 

examined due to the lack of observational data. 
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III. METHODOLOGY  

 

 Employing the methodology from Dixon and Mote (2003), the proceeding analysis examines the 

connection between the UHI and localized thunderstorms around the Nashville, Tennessee metropolitan 

area. Warm season months were analyzed from May 1, 2003 until September 30, 2012 (MJJAS) to 

determine if connections existed between the Nashville UHI and thunderstorms and if any abnormal 

atmospheric conditions (e.g. higher temperatures or moisture) were present aloft. Geographic information 

systems (GIS) and remote sensing tools (NEXRAD weather radar) were employed to conclude if any 

spatial patterns of thunderstorm initiation were noticeable. Finally, two case studies were used to describe 

initiation (July 10th, 2009) and modification (June 13th, 2010) of thunderstorms to highlight aspects of 

UHI events.  The central hypothesis being tested was if the UHI intensity and moisture aloft was 

abnormally elevated slightly ahead of and during convective events. Based on previous studies (e.g. 

Dixon and Mote 2003; Shepherd 2002; Bornstein and Lin 2000), the UHI influenced thunderstorms were 

expected to develop downwind (south and east) of Nashville and its major road networks. 

3.1 Study Area 

A large portion of this study comprises the Nashville metropolitan statistical area (MSA), an area 

oriented just west of the Cumberland Plateau and east of the Mississippi River along the Cumberland 

River in north central Tennessee.  The study area contains approximately 12,212 sq. km (4,715 sq. miles) 

and encompasses the 10 Central Tennessee counties of Montgomery, Robertson, Sumner, Trousdale, 

Dickson, Cheatham, Davidson, Wilson, Williamson, and Rutherford (Figure 3.1).  The ten counties were 

selected since a portion or all areas were included within a 50 km (31 mile) radius of the Nashville center 
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or the commercial business district (CBD) and encompass the entire urban footprint identified by satellite 

remote sensing data (Figure 3.2). Previous studies selected study regions as large as 120 km (75 miles) for 

Indianapolis, IN (Niyogi et al. 2011) and 30 km (19 miles) for Birmingham, AL (Ashley et al. 2012) to 

accommodate the geographic size of various cities. A second reason for selecting a 50 km radius involves 

the height at which the radar scans sample the atmosphere. At the lowest scan tilt of 0.5°, the entire study 

area (within the blue circle; Figure 3.2) will have the atmosphere scanned below 1,219 m (4,000 ft.) by 

the radar located at KOHX (NCDC 2013).  

 

Figure 3.1: Ten counties encompassing the Nashville metropolitan study area. (Source Data: U.S. Census 
Bureau and USGS).   
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Figure 3.2: Nashville study area with location of surface weather stations and radiosonde data.  A circle 
denotes the 50 km (31 mi) radius from the commercial business district (CBD) used for the radar analysis. 

   

The Nashville MSA was selected for this study for several reasons. First, Nashville was one of 

only a few urban areas throughout the Southeast and Midwest to have an upper air station; other urban 

locations in the region (e.g., Indianapolis, Chicago, St. Louis, Des Moines) do not have a National 

Weather Service (NWS) radiosonde station in such close proximity. The sounding launch location was 

also located in a favorable area downwind of the prevailing westerly wind flow where the UHI plume 

may be present, and soundings may be able to be sampled (Figure 3.2). The physical geography of 

Nashville, TN was similar to Atlanta, GA as both cities were largely surrounded by the foothills of the 

Appalachian Mountains and below 400 meters (Figure 3.1). The relatively low elevation around Nashville 

and Atlanta allow for little to no orographic impacts to parcel lift and thunderstorm initiation; hence, the 
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results from Atlanta by Dixon and Mote (2003) will offer a good comparison with Nashville. A third 

reason for selecting Nashville over other cities was due to previous research. Figure 3.3 shows cities such 

as Indianapolis, IN; Atlanta, GA; St. Louis, MO; Oklahoma City, OK; Dallas, TX, Houston, TX; San 

Antonio, TX; Memphis, TN; Jackson, MS; Birmingham, AL; Montgomery, AL; and New York City, NY 

have already have had research conducted over the last decade (Niyogi 2011; Dixon and Mote 2003; 

Rozoff et al. 2003; Hand and Shepherd 2009; Shepherd et al. 2003; Ashley et al. 2012; Bornstein and Lin 

2000).   

 

Figure 3.3: Urban areas in recent literature investigated for UHI related convective events (in black) in 
relation to Nashville (red).  (Source data for urban area coverage:  U.S. Department of Census) 

 

3.2 Data  

Four sources of data were collected for this analysis including archived synoptic weather maps, 

composite/local radar, surface temperature, and upper air sounding data. Synoptic weather charts and 
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regional composite radar were analyzed in this study, and the data were gathered via the University 

Corporation of Atmospheric Research (UCAR) meteorological case study website located at 

http://locust.mmm.ucar.edu/. Surface weather, upper air, and southeast regional composite radar data 

were analyzed to determine thunderstorm events. NWS NEXRAD Weather Surveillance Radar 1988 

Doppler (WSR-88D) KOHX 0.5° level II base reflectivity data radar data was collected via the National 

Climatic Data Center (NCDC) radar archive located at http://www.ncdc.noaa.gov/nexradinv/. The radar 

data was processed within the NOAA Weather and Climate Toolkit version 3.6.6 software package to 

determine thunderstorm behaviors within and around Nashville.  

Ten years of weather station data from two Automated Surface Observing System (ASOS) 

stations within north central Tennessee were analyzed during warm season months (May to September 

from 2003 to 2012). The urban weather station (KBNA) was located at the Nashville International Airport 

at 36°7’8” N (36.1189°) and 86°41’21” W (-86.6892°) at an elevation of 183 meters (599 feet). The 

KBNA station was less than 10 km (6 miles) southeast or downstream from downtown Nashville (the 

UHI core). The nearby rural weather station was located in Clarksville, Tennessee (KCKV) 

approximately 80 km (50 miles) northwest or upstream from downtown Nashville. The station was an 

ASOS first order cooperative weather station (COOP) located at 36° 37’19” N (36.6219°) and 87°24’54” 

W (-87.4150°) at an elevation of 168 meters (550 feet). Hourly temperature data in °C were collected and 

compared to determine the UHI temperature difference between the urban (KBNA) and rural (KCKV) 

stations from the NCDC land-based surface data archived located at http://www.ncdc.noaa.gov/land-

based-station-data/quality-controlled-local-climatological-data-qclcd.  

Montgomery County, Tennessee was the only county not included within the MSA which was 

added to the study region in order to obtain rural weather station data at the Clarksville-Montgomery 

Airport in Clarksville, Tennessee (KCKV). The urban weather station for this analysis was situated at the 

Nashville International Airport in Nashville, Tennessee (KBNA). Unlike the weather station located at 

KBNA, KCKV was in a mostly rural area on a grassy surface located on airport property. The urban 
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weather station was largely surrounded by urban land-cover including concrete and asphalt at the 

Nashville International Airport. 

Upper air data from KBNA at 0Z and 12Z were analyzed for the entire 10 year warm season 

months study period from May to September. Data was obtained at the University of Wyoming sounding 

page at http://weather.uwyo.edu/upperair/sounding.html (accessed 2013). The upper-level data for the 

following parameters were gathered at five standard pressure levels (925 hPa, 850 hPa, 700 hPa, 500 hPa, 

and 250 hPa), geopotential height, temperature, dew point, mixing ratio, and equivalent potential 

temperature. Stability indices and lapse rates analyzed for each study day included:  the LI, the KI, CAPE, 

CIN, mean mixed layer potential temperature, the mean mixed layer mixing ratio, and the average lapse 

rate between the 925 hPa to 500 hPa level; 850 hPa to 500 hPa level; 700 hPa to 850 hPa level; and 700 

hPa to 500 hPa level.  Previous research (e.g. Bentley et al. 2012) has examined these same indices; hence 

the same variables and parameters were selected for Nashville. 

3.3 Methodology  

The purpose of this analysis was to identify thermodynamic abnormal conditions around 

Nashville during thunderstorms and to determine the spatiotemporal patterns of thunderstorms around the 

city. The methodology implemented in the current analysis replicates the Dixon and Mote (2003) study 

conducted for Atlanta, GA. Slight modifications of the Dixon and Mote study have been made to adjust 

for Nashville. Some major changes include a smaller study area, weather station orientation, and the 

radiosonde launch location in relation to the city. The predominate reason for selecting this methodology 

was to determine if similar findings were found in another urban location with a similar geographic layout 

and atmospheric circulation regime.  

 A goal of the analysis was to determine if several conditions were present during thunderstorm 

events over Nashville: (1) abnormal heat over the city of Nashville (temperature difference of urban to 

rural temperature magnitudes of 1.5°C or greater) at the time of thunderstorm initiation and/or 24 hours 
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ahead of the event; (2) anomalous moisture and added instability from a surface moist tropical air mass; 

(3) thunderstorm development within 5 km of interstate highways. Anomalous moisture aloft was defined 

as an average surface to 500 hPa level dew point difference of 2.0°C  or greater between UHI initiated 

thunderstorm days and average study days. The UHI intensity was hypothesized to be elevated at the time 

of thunderstorm initiation and modification with a strong southerly flow and elevated dew points aloft. 

The UHI intensity was defined as the temperature difference between urban (KBNA) and rural (KCKV) 

weather stations. The 24-hour average temperature differences (UHI intensity) for thunderstorm events 

were compared to the entire average hourly temperature difference of all study days  to determine if the 

Nashville UHI temperature was elevated or abnormal during urban induced thunderstorm events; this 

difference was tested for significance (p < 0.05) using a two-tailed, one-sample difference of means t-test. 

Sounding data was used to determine if moisture was elevated aloft ahead of these events compared to all 

ten year study days and also were evaluated using a two-tailed, one sample difference of means t-test.   

3.3.1 Thunderstorm Event Selection  

The five month period selected for analysis (MJJAS) was the predominant time when convection 

and thunderstorms takes place around Nashville and when the UHI was the strongest, coinciding with the 

insolation peak. The MJJAS months have also been selected since previous studies have examined the 

same period (Dixon and Mote 2003; Niyogi et. al. 2011).  Days from these months were then identified 

by synoptic flow characteristics from upper-level archived charts via the LOCUST UCAR website 

located at http://locust.mmm.ucar.edu/ (accessed 2013). Upper air and surface charts were analyzed to 

determine weak synoptic flow along and within a 500 km buffer around Nashville, TN. Any day with 

boundaries located within this 500 km boundary were eliminated as forcing could be instigated from other 

lifting mechanisms (e.g. fronts, low pressure, or troughs).  

Periods of weak and strong synoptic flow over and within the 500 km buffer around Nashville 

were identified by surface, 850 hPa, 500 hPa, and 300 hPa standard pressure level charts. As defined by 
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Brown and Arnold (1998) and used by Dixon and Mote (2003), weak synoptic flow environments  

include the following criteria: (1) no divergence or jet streaks aloft at  the jet stream level (250/300 hPa); 

(2) 500 hPa wind speeds above Nashville were 15 kts or less; (3) average surface wind speeds within 

Nashville were 10 kts or less;  and (iv.) no surface or 850 hPa forcing mechanism (i.e., low pressure 

system, front, or surface trough), identifiable within a 500 km radius of  Nashville. This research will 

partially adopt this weak synoptic flow definition since upper level wind shear has relatively little impact 

on the UHI (Vukovich 1975); therefore, events with upper level winds higher than 20 knots were allowed 

in this analysis. The UHI does weaken some but not enough to eliminate sensible heat from the 

environment to initiate convection. UHI-precipitation events that develop only due to fronts (within 500 

km) and not strong upper-level flow were eliminated from the analysis.  

Weak synoptic environments were identified from surface and upper level charts for all 1,530 

study days and radar was used to identify thunderstorm days and types. Regional archived composite 

radar reflectivity was used to identify thunderstorms in and near the ten-county study area (i.e., within the 

50 km radar study radius, see Figure 3.2). A thunderstorm on radar was defined by areas of precipitation 

or cells exhibiting 40 dBZ or higher reflectivity (Bentley et al. 2012). Days displaying this characteristic 

were identified and studied more in depth by viewing archived local KOHX radar imagery from the 

Nashville National Weather Service Office via the NCDC data archive and the NOAA Weather and 

Climate Toolkit 3.6.6 (WCT). KOHX Level II 0.5° tilt based reflectivity was studied locally within the 

WCT. Level II data was used given the higher resolution compared to heavily processed Level III data.  

Thunderstorms, which initiate over the Nashville study area, were analyzed further. In situations where 

widespread convection was taking place, some event days were eliminated as the thunderstorms’ source 

of lift were most likely due to widespread diurnal heating and not due to the UHI and urban land-cover. 

Areas of widespread convection were defined by 5 or more thunderstorm cells per radar scan within the 

radar study area. Examples of these two scenarios were depicted in Figure 3.4 where the left image 



28 
 

depicts widespread convection, hence not acceptable for the analysis, and the right image displays an 

isolated thunderstorm event where the UHI was most likely responsible for initiation. 

 

Figure 3.4: The left image shows widespread convection over the Nashville metro area on June 23rd 2002 
in which was not suitable for the study. The right image shows isolated convection over the Nashville 
metro area on September 2nd 2002 which was suitable for the study (UCAR 2013). 

 

Extreme outlying areas (greater than 50km from the CBD) surrounding Nashville were not 

included the analysis since there were no clear definable lines depicting urban and rural land cover 

beyond this spatial extent. The immediate areas include locations within a 50km radius surrounding the 

Nashville center and encompassing the counties of Wilson, Rutherford, Sumner, Williamson, Robertson, 

Cheatham, and Dickson (see Figure 3.2). Thunderstorms apparently initiated by outflow boundaries or 

dry lines (identified by KOHX NEXRAD radar imagery) were not allowed in this analysis as the source 

of lift was not initiated by the UHI surface. Supercell thunderstorms, squall lines, and stratiform 

precipitation (< 40dBZ reflectivity) events were not studied in this analysis. These types of convection 

were eliminated due to many environmental factors affecting size, shape, and movement of 

thunderstorms. As a result, a study definition has been defined to differentiate a typical air mass or 

ordinary thunderstorms versus a thunderstorms appearing to be initiated by the UHI. An urban 

thunderstorm or urban convective event was a meso-gamma (2-20 km in length or 4 to 400 sq. km in 

area) convective process identified by NEXRAD radar which develops over urban land-cover in weak 

synoptic flow and not initiated by any visible surface forcing features and lasts for a length of time 
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between one to as many as four hours after the initial initiation of the event. Hereafter, an 

UHI/thunderstorm event will now be known as an urban thunderstorm. These urban thunderstorms of 

interest will have the initiation time recorded by year, month, day, and time. 

Besides analyzing initiating urban thunderstorms, subsequent thunderstorms exhibiting splitting 

behaviors over the city were studied. When the UHI was extremely high or when the UHI intensity was 

greater than 2.0° C, thunderstorms were thought to bifurcate around the city as heat fluxes from the city 

increase the boundary layer depth; hence, the lifted condensation level (LCL) height increases and causes 

clouds and thunderstorms to briefly subside or cease until reaching less intense surface heat fluxes 

downwind of the city. As the convection region reaches the leeward side Nashville, thunderstorms re-

ignite or re-energize allowing for stronger radar returns because of a rapid increased convergence zones 

and response from UHI heat. The splitting behavior criteria identified by Niyogi et al. (2011) for 

Indianapolis were used for Nashville. The Indianapolis thunderstorm splitting criteria included divergence 

of a thunderstorm cell upstream of the city, formation of two discreet cells advecting around the periphery 

of the city and then convergence exhibiting stronger reflectivity downstream of the city. Identifying 

splitting behaviors of thunderstorms around Nashville can help to elucidate why radar reflectivity and 

precipitation are heavier downwind or on the leeward side of an urban area. Times in which these 

thunderstorms begin to split and pass over Nashville were recorded. 

3.3.2 Atmospheric and Statistical Analysis 

Once initiations of urban thunderstorms were found, the second portion of the analysis examines 

the atmospheric conditions needed for UHI initiation and modification. Analyzing the atmospheric 

conditions before each initiating thunderstorm was studied. Collecting surface temperature and upper air 

temperature/dew point profiles as well as stability indices were necessary since anomalous temperature 

and moisture variables of the environment were important for each event. The end purpose was to 

determine if the UHI intensity was abnormal (1.5° C difference or greater) and/or atmospheric moisture 
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was elevated (greater than or equal to 2.0°C) to initiate urban thunderstorms and to modify thunderstorm 

behavior around cities. Similar values were selected by Dixon and Mote (2003) for Atlanta. The Nashville 

UHI intensity thresholds have been lowered due to Nashville having a smaller spatial urban footprint and 

heat island compared to Atlanta. 

3.3.3 Surface Analysis 

 The temperature differences between two weather stations (KBNA and KCKV) 24-hours ahead 

of each urban thunderstorm were examined to determine the UHI-intensity. Analyzing temperature 

differences allow for pressure changes hence allowing the rising of air which was needed for 

thunderstorm development.  The temperature gradient between an urban and rural station was similar to a 

land sea breeze in which a steep temperature gradient or “cliff” was apparent along the city perimeter, 

often producing temperature differences as much as 4.0° C per km (Oke 1987). The highest temperature 

peaks within the CBD where temperatures tend to gradually decrease or plateau until they reach the cliff 

of a sudden temperature change once reaching the rural cool ‘sea’ surroundings (Figure 3.6). The 

temperature peaks between urban and rural areas tend to take place just after sunset and then decreases 

throughout the overnight period.  

 

Figure 3.5: Horizontal view diagram illustrating a generalized model of the UHI differences between 
urban and rural locations (Oke 1987). 

Hourly temperatures between the two stations (KBNA-KCKV) were first found and then 

subtracted from one another ( ∆  ) and then averaged over all found events for the ten 
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year period. The hourly temperature averages were then compared to all study days from the ten year 

study period.  A difference of means one sample t-test were conducted on the temperature differences 

between the two data sets to determine if statistically significant differences existed (α = 0.05).  

According to Wilks (2011), a one sample parametric t-test establishes a null hypothesis that an observed 

sample mean has been drawn from a population mean where an alternative hypothesis states the sample 

mean was statistically significant from its population mean.  The null hypothesis (H0) states the sample of 

temperature differences on urban thunderstorm days were a subset of all average study days, while the 

alternative hypothesis (Ha) states urban thunderstorm days were statistically different from average study 

days. A one sample t-statistic was calculated by taking a sample mean and subtracting the population 

mean and then dividing the difference by the quotient of the sample standard deviation and the sample 

size (Wilks 2011). If a significant difference was found between normal UHI intensities and the found 

events, then it can help determine specific anomalies in the UHI intensity needed for possible 

thunderstorm initiation by the Nashville UHI. 

3.3.4 Upper Air Analysis 

Once completed with the surface analysis, the second portion of this analysis focused on the 

sounding data. Daily radiosonde data from KOHX was only available at 0 UTC (7p.m. CDT) and 12 UTC 

(7 a.m. CDT); therefore, an upper-air sample was not likely to occur at the UHI initiation time. Sounding 

averages were computed to develop mean values to analyze and compare to average study values. The 

method was also chosen given a majority of the urban thunderstorm events took place in the middle of 

radiosonde launches. Vertical geopotential heights, temperature, dew point, mixing ratios, and equivalent 

potential temperatures were gathered at five standard pressure levels. Temperature and dew point lapse 

rates between the surface and 500 hPa, 850 hPa – 500 hPa, 850hPa-700 hPa, and 700 hPa – 500 hPa 

levels were also calculated for both urban thunderstorm events and all study period days. A difference of 

means one sample t-test (α =0.05) was completed on all parameters and rates. The Dixon and Mote 
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(2003) study noted statistically significant higher tropospheric moisture values below the 500 hPa level 

along with elevated lapse rates from the surface to the 600 hPa level during the UHI events in Atlanta.  

3.3.5 Spatial and Temporal Analysis 

The following geographic characteristics of urban thunderstorms were analyzed: initiation time 

by hour, month, and year; initiation latitude-longitude, and county in which thunderstorms formed. 

Archived KOHX radar data collected from the NCDC along with processing in the WCT and ArcGIS-

ArcMap version 10.0 were used in this analysis. First, days in which urban thunderstorms formed were 

reexamined within the online UCAR LOCUST website to find initial times of visible reflectivity. 

Approximate hourly times were gathered when the urban thunderstorms initiated by studying regional 

lower Mississippi Valley composite radar.  

After gathering times of initiation, data from the NCDC were collected one hour ahead of the 

thunderstorm event and one hour after the urban thunderstorm to determine the exact time thunderstorms 

were displayed in the program. An urban thunderstorm initiation location was defined as the first at or 

above 40 dBZ 0.5° tilt base reflectivity return shown within the WCT. Only areas encompassed within the 

radar study area below 1219 m (4000 ft) above the surface were analyzed (see Figure 3.2). If several 

40dBZ returns were found within one scan, all of those locations were gathered and recorded. These 

single scans were converted into shape files using the export function within the WCT. Only reflectivity 

values at or above 40 dBZ and within the study area were exported. Radar shape files were then loaded 

into ArcGIS along with U.S. Census county, interstate, and urban boundary shape files for geographic 

processing. Once within ArcGIS 10, the storm of interest was clipped from the remaining 40 dBZ and the 

mean center of the amalgamated radar reflectivity was found. The combined center’s latitude and 

longitude was recorded. This geographic location was now defined as the initiation point of an urban 

thunderstorm. Although this initiation point may vary from the true source of initiation, the point was 

relatively close to the true location given the weak synoptic flow environment aloft and at the surface. 
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These locations were then compared to a visible USGS land-cover image of the study area captured on 

September 30, 2010 from the LANDSAT 5 satellite. Land surface reflectance imagery was gathered from 

the USGS Earth Explorer website located at http://earthexplorer.usgs.gov/. As Dixon and Mote (2003) 

found in their analysis with Atlanta, thunderstorms formed relatively close to interstates. Patterns of 

initiation based on urban land cover and proximity to interstates within the Nashville study area were also 

noted. Buffers of 1 km, 3 km, and 5 km were placed around the Nashville interstates and storm centers in 

relation to interstate highways. 

3.4 Case Studies 

After all surface, upper air, and spatial analysis were completed for the ten year study, two case 

studies were briefly highlighted to illustrate initiation (July 10th, 2009) and bifurcating (June 13th, 2010) 

scenarios. These two events were selected as they best illustrate the ideal storms for further study beyond 

this analysis. The case studies also describe the methodology used for selecting such events. A third 

purpose for describing these cases were to show how the UHI affects thunderstorms and the behavior 

exhibited around the cities. Synoptic conditions at the time of initiation, jet stream patterns, thunderstorm 

development, mature, and dissipating progressions were also discussed.  
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IV. RESULTS AND DISCUSSION 

 

 

The Nashville analysis attempted to gain an understanding of the local UHI, moisture and 

thunderstorms as well as try to determine the spatiotemporal aspects of these thunderstorms. The warm-

season months of MJJAS were analyzed in order to determine if and when urban thunderstorms take 

place. The main objective was to determine whether heat rather than moisture were important ingredient 

for urban thunderstorm development. The second objective was to determine spatiotemporal aspects of 

thunderstorms development around Nashville. Dixon and Mote (2003) introduced a similar analysis for 

Atlanta, GA and completed a study over a five year period (1996-2000). The study found thirty one 

events over a 20 day period, 21 of which occurred during the nocturnal hours between the times of 1Z and 

7Z. All the events were considered “relatively small single cell events” and tended to avoid thunderstorms 

initiation during the afternoon hours when widespread convection was taking place. The current analysis 

for Nashville has attempted to be less subjective by establishing a study definition (urban thunderstorm) 

and to differentiate between widespread convection and UHI forced thunderstorms. The analysis was less 

concerned with differentiating between diurnal and nocturnal events, assuming the UHI somehow plays a 

bigger role than normal diurnal heating of the surface to initiate these storms. Differences between the 

Dixon and Mote (2003) results were noted in this chapter. 

Ten years, or 1,530 warm-season days were researched for urban thunderstorm events for the 

Nashville study area. Of the 1,530 days, only 528 days exhibited weak synoptic flow. Furthermore, only 

175 of the 1,530 study days (11.4%) had precipitation within the study area and even less (n =156) were 

considered thunderstorm days. Initially, 21 (2.0%) event days were found over the 10 year period of 
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which only 22 (1.4%) days met the analysis criteria. Nine event days were eliminated for various reasons. 

The excluded thunderstorms were induced by visible outflow boundaries, cell size not within defined 

range (4 to 400 sq. km), short duration (< 1 hour), and/or low reflectivity (< 40 dBZ). The final 22 storm 

days analyzed consisted of 4 study days with split or bifurcating thunderstorms events, and the remaining 

18 study days classified as thunderstorm initiating events. Surface, upper-air, and spatiotemporal findings 

were discussed along with the statistical results comparing urban thunderstorm days to all study days.  

4.1 Temporal Findings 

Every month between May to September for this analysis experienced at least one study day with 

an urban thunderstorm event. Only the months of August and June exhibited scenarios where 

thunderstorms split over the city of Nashville (important to note Dixon and Mote did not study splitting 

thunderstorms). The researcher of the study initially thought more urban thunderstorm or bifurcating 

events would have been found, but due to the strict study definition for an urban thunderstorm and several 

drought years (2004, 2007, 2011), only 22 event days were found for the entire ten year study period.  

 Most of the urban thunderstorm events developed in the summer seasons of 2005 and 2010 

(Figure 4.1). A large portion of these events developed during August (n = 8 or 36% of total event days) 

and June had the second largest concentration of urban thunderstorm events (n = 6 or 27%). showing in 

Figure 4.2. The middle month of July only had a few events (n = 3 or 14%). For comparison in Atlanta, 

Dixon and Mote (2003) found 20 separate UHI-thunderstorm days with July having the highest number of 

study days (n = 7 or 35%) followed by June (n = 6 or 30%).   
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Figure 4.1: Temporal frequency of urban thunderstorm events during the entire study period between the 
months of May 1, 2003 to September 30, 2012. 

 

Figure 4.2: Monthly frequency of urban thunderstorms from May 2003 until September 2012.  
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Date Time Type Date Time  Type 

8/1/2003 4Z Initiation  7/18/2008 19Z Initiation 

8/14/2003 22Z Initiation 9/21/2008 23Z Initiation  

8/27/2003 12Z Split 7/10/2009 19Z Initiation 

5/11/2005 21Z Initiation 8/15/2009 19Z Initiation  

6/25/2005 19Z Initiation 5/25/2010 20Z Initiation 

6/28/2005 16Z Initiation 6/13/2010 21Z Split 

8/2/2005 1Z Initiation 6/18/2010 23Z Initiation 

8/3/2005 21Z Initiation  6/22/2010 20Z Initiation 

8/4/2005 21Z Split 6/26/2010 23Z Initiation 

8/25/2005 16Z Split 7/3/2010 18Z Initiation 

5/28/2006 16Z Initiation 5/28/2012 20Z Initiation 

 
Table 4.1: Day and times of initiating thunderstorms developing in and around the Nashville metro area 
between May and September. All times are approximate. 
 

 

Figure 4.3: Line graphs displaying the UHI intensities during urban thunderstorm events compared to the 
intensity during an average study days. The bar graph shows the initial times of urban thunderstorms for 
Nashville. 
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Urban thunderstorm initiation time was defined as the time the first thunderstorm of interest was 

identified by reflectivity on radar. Figure 4.3 and Table 4.1 identify the frequency of thunderstorm 

initiation events by hour and the overall thunderstorm structure type. A majority of urban thunderstorm 

events took place during daytime hours, particularly during the warmest portions of the day between 

11:00 a.m. and 6:00 p.m. local daylight time (LDT). Some events (n = 4) did take place in the early 

morning hours and during the overnight hours, but the majority of the events occurred during early 

afternoon and late evening hours (Figure 4.3). The split thunderstorm cases tended to take place either in 

the overnight hours or early morning hours while the initiation of urban thunderstorms tended to take 

place during the afternoon hours. 

As expected, a majority (82%) of urban thunderstorm event days took place in a moist tropical 

(MT) environment (Table 4.2). Dixon and Mote (2003) first hypothesized a MM or MT air mass may be 

in place during the UHI/thunderstorm days. The Atlanta study then postulated the moist atmosphere 

would be replaced a DM and DT in place on the proceeding days. The Dixon and Mote (2003) analysis 

found inconclusive results due to inconsistent air mass changes and numerous drought years for Atlanta. 

The same could be said in this analysis as only 10 of the 22 urban thunderstorm days had the same 

scenario evolve for Nashville (Table 4.2).  

Date 
SSC 
Type 

1 Day 
Prior 

2 Days 
Prior Date 

SSC 
Type 

1 Day 
Prior 

2 Days 
Prior 

8/1/03 MT MM MM *9/21/08 DM MM DM 
8/14/03 MT MT MT *7/10/09 MT TR DM 
8/27/03 MT MT MT *8/15/09 MT MT DM 
5/11/05 MT MT MT 5/25/10 MT MT MT 
6/28/05 MT MT MT 6/13/10 MT+ MT+ MT+ 
*8/2/05 MT MT DM 6/18/10 MT MT MT 
8/3/05 DT MT MT 6/22/10 MT+ MT MT 
*8/4/05 DT DT MT *5/28/12 MT+ DT DT 

*8/25/05 MT DM  MT *6/25/05 MT DM  DT 
5/28/06 MT MT MT *7/3/10 MT DM  DM 

*7/18/08 DT TR DM 6/26/10 MT MT+ MT+ 

Table 4.2: A list of event days along with the SCC type on those dates along with SCC types ahead two 
days prior to the study days in question. Asterisk denotes days of moist to dry air mass transition  



39 
 

4.2 Surface UHI Intensity  

 Based on the average temperature differences between the urban (KBNA) and rural (KCKV) 

stations, the UHI was slightly elevated during the majority of urban thunderstorm event days (n=22) from 

an average of all study days (N=1,433). Not all 1,530 days had data available for analysis given weather 

station failure and upgraded equipment throughout the 10-year study period. The analysis found the local 

afternoon hours of 1:00 p.m., 2:00 p.m., 3:00 p.m., 4:00 p.m., and 5:00 p.m. were on average 0.4°C 

warmer than average UHI study days (Figure 4.3). Clear skies and ample solar heating of the urban 

surface were responsible for the temperature change on these 22 thunderstorms days.  Even though the 

difference for 5 of the 24 hours was not large in magnitude, the difference was still statistically significant 

(α=0.05) and abnormal for a majority of the urban thunderstorm events; hence, this slight increase in 

temperature difference may have a profound effect on thunderstorms and convection. The largest urban 

heat island differences were noticed just after sunset, over the nighttime period and in the early morning 

hours (7 p.m.- 6 a.m. CDT) as seen in many other studies (Basara et al. 2008; Scheitlin and Dixon 2010; 

Kim and Baik 2005) . On average, the urban thunderstorm UHI intensity varied between 1.2°C and 2.1°C 

during the overnight period, while the average all study period UHI average differed from 1.2°C to 1.7°C, 

indicating the UHI intensity was also abnormal in the overnight hours ahead of the events. A noticeable 

deviation in UHI intensities occurred ahead of these events in the late morning hours between 8:00 a.m. 

and 11:00 a. m. CDT where the urban thunderstorm UHI intensities were cooler than typical study days 

by approximately 0.25°C.  

 The four events in which exhibited splitting behaviors also showed elevated UHI temperatures 

between rural and urban stations. The 24-hour average for the four events showed a 1.0°C temperature 

gradient between the two stations compared to a 1.1°C average for initiation events. At the time of 

splitting, the temperature gradient between the urban and rural stations was on average only +0.7°C 

compared to initiation events where the temperature gradient was +1.2°C. Based on this evidence, heat 
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from the urban surface has little or no apparent impact on the splitting or bifurcation of thunderstorms for 

Nashville.  

Station Time 
(CDT) 

Urban T-Storm 
Event Days (  

All Study 
Days (μ) 

Difference T-Score p-value* 

1AM 1.9°C 1.5°C 0.4°C 1.676 0.109 

2AM 1.5°C 1.5°C 0.0°C -0.072 0.943 

3AM 1.6°C 1.4°C 0.2°C 0.459 0.651 

4AM 1.4°C 1.4°C 0.0°C 0.017 0.986 

5AM 1.4°C 1.4°C 0.0°C 0.048 0.962 

6AM 1.3°C 1.2°C 0.1°C 0.593 0.559 

7AM 1.0°C 0.8°C 0.2°C 0.966 0.345 

8AM 0.5°C 0.5°C 0.0°C 0.125 0.901 

9AM 0.1°C 0.4°C -0.3°C -1.359 0.189 

10AM 0.0°C 0.3°C -0.3°C -1.287 0.212 

11AM 0.0°C 0.3°C -0.3°C -1.449 0.102 

12PM 0.6°C 0.3°C 0.3°C 1.618 0.121 

*1PM 0.7°C 0.3°C 0.4°C 2.561 0.018 

*2PM 0.8°C 0.3°C 0.5°C 3.348 0.003 

*3PM 0.7°C 0.4°C 0.3°C 2.771 0.011 

*4PM 0.9°C 0.4°C 0.5°C 2.279 0.033 

*5PM 0.9°C 0.5°C 0.4°C 2.503 0.021 

6PM 1.0°C 0.7°C 0.3°C 1.059 0.302 

7PM 1.2°C 1.3°C -0.1°C -0.030 0.976 

8PM 1.5°C 1.7°C -0.2°C -0.426 0.674 

9PM 1.5°C 1.7°C -0.2°C -0.367 0.717 

10PM 2.1°C 1.7°C 0.4°C 1.012 0.323 

11PM 1.9°C 1.6°C 0.3°C 1.166 0.257 

12AM 1.8°C 1.5°C 0.3°C 1.044 0.308 

Table 4.3: One-sample t-test results of hourly UHI magnitude differences between urban thunderstorm 
days and average study days. Asterisk denotes the statistically significant results at α = 0.05 threshold. 
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Unlike Dixon and Mote (2003), initiation times of urban thunderstorms were predominating 

during the afternoon hours. Consequently, the sample may be biased toward “normal” or natural 

convection taking place over urban areas, especially in a few instances where other convection was taking 

place within and around the study area. Nevertheless, given the fact urban areas were generally warmer 

than the surrounding environments and statistically significant temperatures differences were seen in 

these events, the UHI can significantly aid in normal day-time heating of the lower boundary layer even 

though not much additional heat was added at the time of initiation (less than 1°C from average study 

days). The slight temperature gradient was enough to produce UHI circulation, therefore increasing 

boundary layer instability and low-level convergence in and around the city. The abnormal warming from 

the UHI may amplify and/or add anthropogenic convection to natural convective scenarios.  

The problem of differentiating thunderstorms formed from urban environments versus natural 

convective scenarios was not a new issue and has been recognized by other researchers.  In a critique of 

the Shepard (2002) study, Diem et al. (2004) noted daytime heating was a substantial factor, hence, 

daytime convection producing thunderstorms cannot be studied to determine if the UHI has an impact on 

thunderstorms. Conversely, Shepherd (2004) argued that when UHI land-cover was incorporated into 

numerically modeled convective scenarios (e.g., Baik et al. 2001; Ohashi and Kida 2002), thunderstorms 

and convection areas could not initiate without urban land-cover present in the models. Shepherd also 

stated parcel lift and convection can occur by other factors than surface warming (e.g., convergence or 

outflow boundaries); hence, strong pressure gradients and vertical mixing in urban environments promote 

instability and convective cell growth in and around urban areas regardless of time of day. 

UHI/thunderstorm events which tend to take place during diurnal hours were also important to identify 

for analysis as forcing other than daytime heating were responsible. These events can help establish better 

knowledge on how the urban land-surface interacts with the atmosphere. The same conclusion was 

determined for Nashville as urban thunderstorms days were event days to determine whether the UHI had 

an impact on thunderstorms. The UHI appeared to have some impact on thunderstorms around Nashville. 
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4.3.1 Upper Air Examination of Events 

 The second analysis of this study was to determine if upper air temperature or moisture profiles 

were statistically different during urban thunderstorm days compared to average study days throughout 

the vertical column of the atmosphere. Daily upper air soundings at 0Z (7:00 p.m. CDT) and 12Z (7:00 a. 

m. CDT) for KOHX were examined for the entire ten year study period. KOHX was located downwind of 

the city Nashville therefore soundings were mostly representative of the UHI assuming predominate 

westerly flow over the ten year period. Geopotential heights, temperature, dew point temperature, mixing 

ratios, and theta e ( ) values were examined at the 925 hPa, 850 hPa, and 700 hPa. Only geopotential 

height and temperature were analyzed at the 500 hPa and 250 hPa level given moisture was mostly absent 

above the 500 hPa level. 

Thermodynamic indices (CAPE, CIN, KI, and LI) were examined to determine if abnormal 

conditions were present in the atmosphere above Nashville. Abnormal conditions were indices measured 

at higher readings from normal study days. Other variables analyzed included: MML-MR, PWAT, the 

LCL pressure height/pressure, and the lapse rates at four different levels pressure levels (925 – 500 hPa, 

700 – 850 hPa, 850 – 500 hPa, and 700 – 500 hPa).  It was hypothesized that during urban thunderstorm 

events the atmosphere above Nashville would exhibit abnormal moisture and temperature profiles. 

Abnormal moisture and temperature environments were defined by upper air environments having a 

+2.0°C dew point or dry-bulb temperature difference between urban thunderstorm events and normal 

study days at the 925 hPa, 850 hPa and 700 hPa levels.  
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Parameter 
Urban 

Thunderstorm 
Events X   

All Study 
Days (μ) 

Difference t-score p-value* 

*925 hPa Height 842 gpm 811 gpm 31 gpm 5.327 0.000 

*925 hPa Temp. 23.3°C 20.0°C 3.3° C 8.226 0.000 

*925 hPa Dew Point 16.3°C 13.6°C 2.7° C 5.047 0.000 

*925 hPa Mix Ratio 13.0 g/kg 11.2 g/kg 1.8 g/kg 4.175 0.000 

*925 hPa Theta E 342 K 333 K 9 K 5.711 0.000 

*850 hPa Height 1572 gpm 1535 gpm 37 gpm 7.572 0.000 

*850 hPa Temp. 17.6°C 15.2°C 2.4° C 6.263 0.000 

*850 hPa Dew Point 13.0°C 9.4°C 3.6° C 7.227 0.000 

*850 hPa Mix Ratio 11.3 g/kg 9.5 g/kg 1.8 g/kg 5.018 0.000 

*850 hPa Theta E 339 K 330 K 9 K 6.518 0.000 

*700 hPa Height 3200 gpm 3154 gpm 46 gpm 8.024 0.000 

700 hPa Temp. 6.8°C 6.3°C 0.5°C 1.278 0.215 

*700 hPa Dew Point -0.9°C -4.8°C 3.9°C 3.611 0.002 

*700 hPa Mix Ratio 5.6 g/kg 4.6 g/kg 1.0 g/kg 3.111 0.005 

*700 hPa Theta E 327 K 324 K 3 K 2.998 0.007 

*500 hPa Height 5849 gpm 5838 gpm 11 gpm 6.655 0.000 

*500 hPa Temp. -7.6°C -9.0°C 1.4°C 2.988 0.007 

*250 hPa Height 10920 gpm 10835 gpm 85 gpm 4.464 0.000 

*250 hPa Temp. -43.6°C -45.3°C 1.7°C 3.283 0.004 

Table 4.4: A list of parameters comparing average 0Z and 12Z urban thunderstorm days to average study 
days during warm season months from 2003-2012. Notice the statistically significant results at α = 0.05 
threshold marked with asterisk. 

The analysis found statistically significant differences in all parameters (heights, temperatures, 

dew points, mixing ratios and 	values) at the 925 hPa and 850 hPa level indicating a moist tropical 
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environment in place both at the surface and in the lower troposphere during urban thunderstorm events 

shown in the Table 4.4. 

One of the largest differences in atmospheric parameters was observed in the 925 hPa dry bulb 

temperature with an average temperature difference of 3.3°C between urban thunderstorm events and 

average study days. Past research has shown, on average that the urban boundary layer (UBL) was 1 km 

above ground level (Oke 1995). Assuming the Nashville UBL was approximately the same height found 

by Oke for other cities, one can conclude that the KOHX soundings sampled the high urban boundary 

layer downwind of Nashville at the 925 hPa level. This fact would explain the elevated 3.3°C 

temperatures at the 925 hPa (≈842 gpm) level on thunderstorm event days as the urban-land surface 

temperatures were also elevated. 

A second noticeable difference between urban thunderstorm days and average study day sounding 

variables were the upper level dew point temperatures at standard pressure levels below 500 hPa. All 

three pressure levels had elevated dew points and mixing ratios with the 850 hPa and 700 hPa dew points 

exceeding the expected postulated dew point level differences to be at or around +3.0°C. The 850 hPa 

dew point temperature difference was +3.6°C from average days, and the 700 hPa dew point temperature 

was +3.9°C above normal conditions. The average 850 hPa study period temperature was 9.4 °C while for 

urban thunderstorm day’s the 850 hPa temperature was 13.0°C. Similarly, the study period mean 700 hPa 

dew point temperature was -4.8°C while the average urban thunderstorm day 700 hPa dew point 

temperatures were -0.9°C. The 925 hPa dew point temperature was also elevated at +2.7°C, even though 

the average temperature difference did not exceed the hypothesized threshold of +2.0°C. Higher 

geopotential heights and potential temperature values were observed in urban thunderstorm days 

compared to average study days. Theta-e values, measure the instability of an atmosphere by integrating 

temperature and moisture readings, accounting for the release of latent heat that were combined into one 

empirical formula (Simpson 1978). Higher theta-e values signal more unstable an environment exhibits; 

therefore, days when urban thunderstorms form over Nashville theta-e values and geopotential heights 
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were elevated than normal. Urban thunderstorm days typically had theta-e values approximately +9 K on 

average compared to all study days for the 925 and 850 hPa pressure levels. Theta-e values at the 700 hPa 

level were not as high but still significant with a +3 K average values on average. The 500 hPa level did 

not indicate statistically significant differences in theta-e values taken on average non-urban thunderstorm 

days given that moisture was mostly absent from this level. 

4.3.1 Stability Indices and Moisture Parameters 

Dixon and Mote did not fully analyze stability indices in the 2003 study for Atlanta; however, a 

2012 study conducted by Bentley et al. did examine stability parameters for Atlanta from 1997 until 2006. 

Although the Bentley et al. study used a more complex statistical investigation in studying stability 

indices, this analysis for Nashville had very similar results compared to Atlanta. Those findings will be 

highlighted throughout this section.  

Index 
Urban Thunderstorm 

Events 
All Study Days Difference 

CAPE 970 J/kg 443 J/kg 527 J/kg 
CIN 68 J/kg 56 J/kg 12 J/kg 
KI 31 22 9 
LI -2 0.9 -2.9 

Table 4.5: Average 0Z and 12Z thermodynamic stability indices for urban thunderstorm days to all days 
from 2003-2012.  

 

Using the Weisman and Klemp (1982) calculation for CAPE values, confirm very low potential 

for instability on average study days with mean values of 443 J kg-1 (Table 4.5). On urban thunderstorm 

days, mean CAPE values approach 969 J kg-1 (1000 J kg-1) or values needed for marginal instability or 

weak thunderstorm activity around Nashville. Bentley et al. 2012 found similar findings with the majority 

of the study day CAPE groupings falling in between 192 and 1148 J kg-1 for Atlanta. Thus on days 

exhibiting lower geopotential height for levels for free convection (LFC) and with elevated urban heat 

island intensities, air parcels were likely to reach the CAPE regions in the mid-troposphere above 

Nashville.  
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CIN values were marginally higher on urban thunderstorm days compared to average study days. 

Mean CIN values for urban thunderstorm days were slightly below 70 J kg-1, while average day values 

were moderately above 50 J kg-1. Using the Colby (1984) empirical formula for CIN indicates, strong 

capping inversions are present during the morning and early afternoon hours of urban thunderstorm days. 

Slightly cooler air aloft on urban thunderstorm days would inhibit parcel lifting during this time and could 

allow for less cloud cover therefore warming the urban surface longer and causing more instability at the 

base of the urban boundary layer. However, weaker inversions on average unstable study days would 

allow for greater parcel lift environments earlier in the day prohibiting more intense heating of the urban 

surface due to cloud formation on weak synoptic flow days and days with high boundary layer mixing. 

Bentley et al. (2012) did not study convective inhibition values for Atlanta.  

Other stability indices such as the KI and LI also showed abnormal values compared to average 

study day indices. Using the original empirical formulas used by George (1960) for the KI and the 

Galway (1956) for the LI, indices displayed values conducive for numerous thunderstorm events within 

the study area for pulse thunderstorms to develop if sufficient lifting mechanisms were present during 

urban thunderstorm days. The thermodynamic values shown for these days along with a sufficient lifting 

mechanism such as UHI convergence zones from urban thermals would cause enough extra lift for 

parcels to reach unstable layers of the atmosphere above Nashville. Therefore clouds and thunderstorms 

would form predominately over or downwind of the city given the large abnormally moist atmosphere in 

place. Bentley et al. (2012) found similar results with KI values ranging from 35-31 range and LI indices 

varying between -3-0 values for Atlanta from 1997 until 2006. 
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Parameters 
Urban 

Thunderstorm 
Events 

All Study 
Days 

Difference t-score 
p-

value* 

*MML-MR 14.5 g/kg 12.0 g/kg 2.5 g/kg 5.888 0.000 
*PWAT 40.0 mm 34 mm 6 mm 4.256 0.000 

LCL Height 880 hPa 877 hPa 3 hPa 0.439 0.665 

*LCL Temp. 17°C 14°C 3°C 6.169 0.000 

Table 4.6: Moisture parameters showing a one sample t-test results on MML-MR, PWAT, LCL height 
and LCL temp. Asterisk denotes the statistically significant results at α = 0.05 threshold. 

 

Moisture parameters were examined for the warm season months (MJJAS) from 2003 until 2012 

(Table 4.6). A one-sample t-test of mean moisture values found higher statistically significant values (α = 

0.05) for the lower troposphere on urban thunderstorm days at 14.5 g kg-1 and PWAT for the entire 

sounding was 40.0 mm (Table 4.6). Average urban thunderstorm event day MML-MR and PWAT values 

were statistically higher from average days, albeit small in magnitude. Bentley et al. (2012) found similar 

results for Atlanta with a majority of the events exhibiting MML-MR and PWAT values falling between 

16-14 g kg-1 and 48 to 45 mm for Atlanta, respectively. Higher moisture values recorded in Georgia could 

be a result of Atlanta being spatially closer to the Atlantic Ocean as the city was further east and the south 

of the Appalachians. Nashville was largely blocked by the Appalachian Mountains to the east and more 

centrally located within the North American continent. The fact elevated topography was blocking 

moisture advection from the east and the city was located further north would explain the slightly lower 

moisture values in MML-MR and PWAT within North Central Tennessee.  

LCL pressure levels were slightly lower at 880 hPa and temperatures were slightly higher at 17°C 

on urban thunderstorm days compared to average days. The slightly lower mean LCL pressure levels 

were not statistically significant overall for urban thunderstorm days. This result could be indication low 

level moisture was elevated at the top of the urban boundary layer, hence allowing faster saturation levels 

of air parcels which allow lower cloud bases. During these same events,  LCL base temperatures were 

also elevated at 17°C during average urban thunderstorm events allowing for warmer cloud bases for 

these thunderstorms. As mentioned by Van den Heever and Cotton (2007) noted clouds with higher base 
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temperatures above 15°C reach higher into the troposphere, live longer, and become glaciated. This 

would explain higher precipitation and thunderstorm activity downwind of Nashville. Typically, a +3.0°C 

and +3 hPa LCL difference was noticed between urban thunderstorm days compared to average study 

days from 2003 until 2012. 

These results in elevated moisture indices along with statistically significant higher dew points 

throughout the majority of the lower atmosphere were all indications that moisture may be a larger 

component in the formation of urban thunderstorms than heat from the urban heat island during these 

selected events. Heat may play a secondary role but not as significant as moisture indicated by lower dry-

bulb temperature differences (less than 1°C) at the surface between rural and urban boundary layers. 

Higher dew points aloft (around or above +3.0°C) from average at the 925 hPa, 850 hPa, and 700 hPa 

levels were more drastic in magnitude than surface temperature differences.  In addition, minor 

thermodynamic components, such as slightly higher CIN values, lower LCL/LFC heights, and higher 

theta-e values aloft, can all help initiate these events. The following results would support similar findings 

discovered by Dixon and Mote (2003) and Bentley et al. (2012) for Atlanta.  

4.3.2 Lapse Rates 

Lapse rates were examined to determine if cooler air aloft was allowing for dramatic cooling of 

air parcels from the surface to the lower troposphere. A one sample t-test at the (α = 0.05) significance 

level were completed to determine if mean lapse rate values were drastically different from total study 

period average environmental lapse rates. As shown in Table 4.7, four lapse rates were calculated: from 

the 925 hPa to 500 hPa level; 850 hPa to 500 hPa level; the 700 hPa to 850 hPa level; and 700 hPa to 500 

hPa level. These lapse rates were chosen given the use in operational meteorology and forecasting. An 

environmental lapse rate greater than 6.5°C km-1 was considered to be an elevated lapse rate for this 

analysis and capable of conditionally unstable conditions (Holton 2004). 
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Lapse Rates UT Events All Study Days Difference t-score p-value* 

*925 hPa - 500 hPa -6.1°C/km -5.8°C/km 0.3°C/km -2.629 0.016 

*850 hPa- 700 hPa -6.6°C/km -5.6°C/km 1.0°C/km -4.561 0.000 

850 hPa- 500 hPa -5.8°C/km -5.7°C/km 0.1°C/km -0.921 0.367 

700 hPa -500 hPa -5.4°C/km -5.7°C/km 0.3°C/km 0.948 0.354 

Table 4.7: Average lapse rates for urban thunderstorm (UT) and all average study days. Notice the 
statistically significant results at α = 0.05 threshold noted by an asterisk. 

 

Only two standard lapse rates were considered elevated from the 850 hPa to 700 hPa levels for 

urban thunderstorm events. The elevated lapse rate was also found statistically significant at the p-value 

0.05 threshold. Another standard lapse rate from the lower atmosphere to the 500 hPa was significant, but 

the lapse rates incorporate dry and saturated adiabatic lapse rates. Still, the lapse rate between 925 hPa 

and 500 hPa level was still considered statistically significant. The indication of higher lapse rates on 

urban thunderstorm days indicates the environment aloft was cooler compared to average study days, 

which allowed for parcels to become unstable at a faster rate than average study days in the lower 

atmosphere. 

The elevated temperature, dew point, geopotential heights, and theta-e values indicated moisture 

flow from the Gulf of Mexico was more abnormal when compared to typical zonal flow regimes. Patterns 

of unusual warm air and moisture advection usually occur during these events. These patterns indicate 

large anti-cyclonic flow from the Bermuda High situated along the Atlantic seaboard and Texas Gulf 

Coast. The orientation of high pressure with respect to Nashville was important for these events. Two 

case studies showing initiation and modification of thunderstorms will be outlined in Chapter Five of this 

analysis to illustrate how moisture was vital to urban thunderstorm initiation. 
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4.4 Spatial Investigation of Thunderstorms 

 The third goal of this analysis was to determine if any spatial patterns were noticeable throughout 

the study region during the ten year study period. The study made use of 18 study days of initiating urban 

thunderstorms in which 37 initiation points were identified throughout the 50 km radius around the CBD 

or 7,854 sq. km (3,033 sq. mi.) area around central Nashville (Figure 4.5).  Approximately 37 initiation 

locations were found around Nashville by initial radar reflectivity values above 40 dBZ. Davidson County 

was found to have the largest concentration of initiation locations with 26 sources. Williamson County to 

the south had 6 initiation locations with Rutherford having 3 locations. Sumner County had two locations 

while Cheatham County and Robertson County exhibiting one initiation location each. A majority of 

these initiation spots formed over the center of Nashville where the UHI was the most intense (Figure 

4.4). 

 

Figure 4.4: A map displaying thunderstorm initiation locations in relation to interstates. 
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Buffers were established around initiation locations at 3km and 5 km buffers to determine key 

areas of thunderstorm initiation. Figure 4.5 shows a majority of initiation taking place in Davidson 

County along commercial development along interstate highways. A majority of these buffers covered or 

had a portion of initiation buffer areas encompassing some area of the Nashville metro area. 

 

Figure 4.5: Initiation points with 3km and 5 km buffers around initiation centers. 

 

 Next, buffers were established for 1, 3 and 5 km outside of limited access highways or interstates 

within the central Tennessee location to detect initiation location with respect to automobile traffic. Dixon 

and Mote (2003) conducted the same analysis but at broader spatial resolutions given the size of Atlanta. 

A buffer map was displayed in the following map in Figure 4.5. 
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Figure 4.6: Buffers of 1km 3km and 5km around interstates in relation to thunderstorm development.  

 

The analysis found 12 storm centers (32%) within 1km of interstate highways with 77% (23) of 

initiation locations falling within 3 km. All but 7 initiation locations developed within a 5 km buffer 

around interstate highways. Thirty of thirty-seven storm centers or 81% formed within a 5 km of an 

interstate within the study area. Given these results, interstate highways may be a large factor in urban 

thunderstorm development. The Tennessee Department of Transportation showed increasing traffic 

counts in the southern and eastern Nashville metro area compared to the northern and western portions of 

the Nashville MSA (TDOT 2013); however, more research in traffic patterns are needed to state 

thunderstorms tend to develop along these networks and are impacted by automobile traffic. 
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4.5 Summary 

This analysis found the UHI was slightly elevated and upper air moisture was abnormal for urban 

thunderstorm days. Twenty-two event days were found with 18 of those study days displaying 

thunderstorm formation from the city of Nashville. The other 4 days displayed thunderstorms for which 

split over the city. On average, the UHI intensity was less than a half of a degree higher ahead of and 

during thunderstorm days compared to regular study days with the maximum difference preceding the 

initiation. Most initiation took place in the mid-afternoon hours between 2 and 4 p.m. The slight 

difference in temperature caused pressure changes therefore allowing for an anomalous convergence area 

to form over the city of Nashville. Once this convergence area forms within the UBL, it can aid in lift of 

moist air parcels over or downwind of the city of Nashville. If enough moisture was present in clouds, 

precipitation and thunderstorms may form. Additional results show the UHI does not appear to impact 

existing thunderstorm bifurcation, but given a very small sample size future research are needed. The UHI 

temperature intensity on bifurcation days appear to be less intense compared to urban thunderstorm days. 

  The fact the urban to rural temperature intensity was marginal in value suggest a slight change in 

temperature intensity aides thunderstorm formation through excess lift of air parcels. A larger factor was 

the presence of elevated moisture in the lower atmosphere during these events. On average, the boundary 

layer dew point temperatures in the lower atmosphere were close to 3°C higher compared to all normal 

study days. A further analysis found the lower atmosphere was warmer in dry-bulb temperatures along 

with higher geopotential heights on urban thunderstorm days. Southerly flow from the Gulf of Mexico 

allows excess moisture to advect into Nashville. Once moisture was in place and a thermal gradient was 

established between urban and rural areas, moist air parcels were allowed to rise giving way to urban 

thunderstorms. Convergence zones from the UHI may form, but without excessive moisture in the lower 

atmosphere thunderstorms will not form. Therefore, moisture was a larger factor in the initiation of urban 

thunderstorm events than the heat from the UHI. These findings were similar results found in the Dixon 

and Mote analysis for Atlanta. 
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V. CASE STUDIES 

 

 

 Two case study events were chosen from the 22 study days of interest to illustrate initiation and 

bifurcating thunderstorm events around Nashville. Both cases show the ideal observed situations in which 

initiation and splitting of thunderstorms take place in North Central Tennessee. The case of an initiating 

thunderstorm took place on July 10, 2009 while the case of a bifurcation event around Nashville 

commenced on June 13, 2010. The July case study was selected given the elevated UHI intensity 

exhibiting an average urban to rural temperature difference of 1.5°C during the 24-hour period ahead of 

the event. This initiation event also exhibited abnormal moisture in the lower troposphere (925 hPa and 

850 hPa) on average with drier cooler air than typically found aloft (700 hPa). These conditions appear to 

be the environments needed for urban thunderstorms to develop in and around Nashville. The June case 

study examines an instance where one thunderstorm cell upwind of the city splits over the city of 

Nashville and then reforms into a larger more intense cell downwind of the city. Again, the UHI intensity 

(difference between urban and rural weather stations) was 1.5°C and moisture was abnormal ahead of this 

event. Possible theories on why these behaviors were exhibited by thunderstorms are discussed.  

5.1 Initiating Urban Thunderstorm Event (July 10, 2009) 

 The July 10, 2009 thunderstorm event initiated at approximately 19Z (1400 CDT) and lasted three 

hours ending at 22Z (1700CDT). The storm initiated directly east of the CBD of Nashville and moved 

southeast where it expired over Southern Nashville suburbs (Figure 5.1). Thunderstorm activity appeared 

to be more intense near and along the I-40 corridor. The UHI temperatures were elevated before and 
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during the initiation event on July 10, 2009. No other thunderstorms appeared to form around or near the 

study area around Nashville before or after this event.   

 

Figure 5.1: Urban thunderstorm path in relation to Nashville from 19Z to 22Z on July 10, 2009.  

 

5.1.1 Synoptic Setup on July 10, 2009 

The upper air pattern before the urban thunderstorm initiation event exhibited a zonal flow regime 

across the North America with the polar jet stream well north of the study region. The northerly jet stream 

position allowed for warm moist air to situate over Nashville at the lower levels of the atmosphere while 

cool air aloft was allowed to override the warmer atmosphere at the surface.  At 12Z on July 10, 2009 a 

strong 300-hPa upper level ridge over New Mexico pushed strong north-northeasterly winds (~40 kts) 

over Nashville. No divergence, convergence, or jet maximum regions occurred at the upper-levels at this 

time. Winds at the 300-hPa level were strong over the southeast varying between 25 to 55 knots with the 

strongest flow east of the Nashville region (Figure 5.2). 
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Figure 5.2: 300 hPa level map displaying streamlines, winds (kts), temperatures (°C), jet streaks (blue 
shaded areas), and divergence regions for 12Z on July 10, 2009 (SPC 2013). 

 

Figures 5.3 display the 500 hPa synoptic map illustrating weak synoptic flow aloft. Winds at the 

500 hPa level in the southeast ranged between at 15 to 30 knots from the north with no presentable energy 

aloft to spur convection over Nashville. The temperatures at this level was warmer than average with 

geopotential heights around 5900 gpm, an indication predominate warm air was in place in the southeast. 

Stronger winds were still present along the U.S./Canadian border following flow similar to the jet stream 

aloft at the 300 hPa level. 
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Figure 5.3: 500 hPa synoptic map for 12 Z on July 10, 2009 displaying winds (kts), geopotential heights 
(m) and temperatures (◦C) (SPC 2013). 

 

Figure 5.4 shows winds at the 700 hPa level were also from the north\northwest at 5 knots 

advected cooler drier air aloft at this pressure level. Winds were weak over a large portion of the 

southeast and were under the influence of a ridge. The cooler air aloft was needed for convection to take 

place over the southeast. Cooler air aloft allows for efficient parcel lift from the surface to the upper 

atmosphere allowing for cloud and thunderstorm development. Temperatures were slightly warmer than 

normal study days and dew points were extremely dry throughout the south. A strong low pressure system 

was situated over central Canada with weak 700 hPa high pressure system located over Texas. 
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Figure 5.4: 12Z 700 hPa map on July 10th 2009 displaying winds (kts), heights (m), temperature (°C), and 
dew points greater than -4°C green isodrosotherms (SPC 2013). 

 

The 850 hPa levels both showed air flow from the south and west as seen in Figure 5.5. Moisture 

and heat were abnormally high at this standard pressure level with an average (0Z and 12Z) 850 hPa 

temperatures and dew points around the mid to upper teens. These readings along with high theta-e values 

(not shown) and cooler air aloft made the atmosphere unstable enough to produce convection if a suitable 

lifting mechanism (e.g. urban convergence zone, outflow boundary, or surface trough) was in place. The 

upper level high pressure system over Texas was not as predominate at the 850 hPa level as winds varied 

from the southwest, south and east between 5 and 10 knots over a wide area of the southeastern U.S.  
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Figure 5.5: 12Z 850 hPa map on July 10th 2009 displaying observed geopotential heights (m), 
temperatures (°C), and dew points (°C) greater than 8°C green isodrosotherms (SPC 2013). 

 

Figure 5.6 shows a surface weather map exhibiting a waning frontal boundary across central 

Illinois and Indiana before the initiation event over Nashville with another fading frontal boundary to the 

south across Mississippi and Louisiana. These potential lifting mechanisms were outside the 500 km 

radius around Nashville. Cloud debris from previous upstream convection began to overspread the area in 

the early afternoon. Winds at the surface were generally calm throughout the day of July 10. 
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Figure 5.6: Surface weather map 2 hours ahead of the initiation event on July 10, 2009 displaying fronts, 
isobars, radar/satellite imagery and weather station plots (UCAR 2013). 

  

According to hourly surface reports, at 19Z (1pm CDT, one hour before initiation), the Nashville 

Airport recorded a temperature of 30.5°C (87°F) with a dew point of 19.4°C (67°F) with winds from the 

southeast at 5 knots with steady pressure barometric pressure of 1021.4 hPa (Figure 5.7). Temperatures, 

dew point temperatures and pressures of the surrounding stations reported values similar to Nashville 

indicating no subtle boundary or noticeable mesoscale forcing mechanism. Scattered to broken cloud 

cover was reported over the KBNA ASOS station at this time. 



61 
 

 

Figure 5.7:  Regional surface analyses of temperature (°C), dew point (°C), winds (kts), and pressure 
(hPa) one hour before thunderstorm initiation over Nashville (UCAR accessed 2013). 

 

5.1.2 Sounding Observations on July 10, 2009 

 Two radiosondes were launched on July 10, 2009 at 12Z (7am CDT) and 0z (7pm CDT) (Figures 

5.8 and 5.9, respectively). The morning profile showed a significant capping inversion around the 900 

hPa level with moderate dew points until the 800 hPa level. Both directional and speed wind shear were 

low as the highest wind veloctity was recorded from the northeast at 45 knots at approximately the 250 

hPa level in the morning sounding. Morning hodograph profiles showed no signs of mutlicellular or 

supercell thunderstorms. Severe weather indices showed very little CAPE and no signs of thunderstorms 
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with stable KI and LI values of 9 and 3, respectively. Typically, KI values higher than 20 and LI values 

below the zero threshold are indications of thunderstorms. 

 

Figure 5.8: KBNA sounding at 12Z (7am CDT) on July 10, 2009 (UCAR, accessed 2013) 

 

 Based on the 12Z sounding for KBNA the convective temperature (Tc) for Nashville was 30°C 

(86°F) (see Figure 5.8). Modfiying the sounding for a predicted high temperature of 30°C (blue line in 

Figure 5.8), CAPE values increased into the low 1,000 Jkg-1 and KI values into the low 20s signaling 
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minimal standards for local instability. The early evening sounding at 0Z on July 10, 2009 after the 

initiation event also exhibited no signs of thunderstorms, instability or severe weather (Figure 5.9). These 

values were expected after the event since the atmosphere has stablized and all convection ceased at 23Z 

(6pm CDT). Wind shear however did slighlty increase aloft with 50 knot winds noticable at the 250 hPa 

level. All instability indices presented values below widespread or scattered thunderstorm limits and the 

hodograph profiles were roughly the same as seen in the morning sounding 12 hours earlier.  

 

Figure 5.9: Early evening sounding on July 10, 2009 above Nashville (UCAR, accessed 2013). 
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Average values from both soundings showed higher than normal temperature and moisture values 

at all levels of the troposphere except moisture values at the 700 hPa level. Table 5.1 displays the average 

values for July 10, 2009 compared to all sounding profile averages from MJJAS 2003-2012. Indices were 

surprisingly below average values except mositure indices including MML-MR and MML theta-e values. 

Average lapse rates from morning and late afternoon observed soundings were also relatively normal 

except for the 700 hPa to 500 hPa level with lapse rates of 6.5°C km-1. 

Parameter/Indices July 10 2009 All Study Days Difference 
925 hPa Height 859 gpm 811 gpm 48 gpm 

925 hPa Temperature 22.2°C 20.0°C 2.2°C 
925 hPa Dew Point 14.2°C 13.6°C 0.6°C 

925 hPa Mixing Ratio 11.2 g/kg 11.2 g/kg 0 g/kg 

925 hPa Theta E 335 K 333 K 2 K 

850 hPa Height 1589 gpm 1535 gpm 54 gpm 

850 hPa Temperature 16.8°C 15.2°C 1.6°C 

850 hPa Dew Point 11.4°C 9.4°C 2.0°C 

850 hPa Mixing Ratio 10.1 g/kg 9.5 g/kg 0.6 g/kg 

850 hPa Theta E 334 K 330 K 4 K 
700 hPa Height 3213 gpm 3154 gpm 59 gpm 

700 hPa Temperature 7.7°C 6.3°C 1.4°C 
700 hPa Dew Point -18.3°C -4.8°C -13.5 

700 hPa Mixing Ratio 1.305 g/kg 4.6 g/kg -3.3 

700 hPa Theta E 316 K 324 K -8 

500 hPa Height 5910 gpm 5838 gpm 72 gpm 
500 hPa Temperature -7.0°C -9.0°C 2.0°C 

250 hPa Height 10960 gpm 10835 gpm 125 gpm 
250 hPa Temperature -43.0°C -45.3°C 2.3°C 

CAPE 7 J/kg 443 J/kg -436 J/kg 
CIN -64 J/kg -56 J/kg -8 J/kg 

K-Index 9 22 -13 
Lifted Index 1 1 0 

MML Mixing Ratio 12.52 g/kg 12.0 g/kg 0.52 g/ kg 
MML Theta 300 K 297 K 3.0 K 

PWAT 32 mm 34 mm -1 mm 
LCL Height 873 hPa 877 hPa -4 hPa 

LCL Temperature 15°C 14°C 1°C 

Table 5.1: Differences in average July 10, 2009 sounding parameters compared to all average sounding 
parameters from MJJAS 2003-2012. 
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5.1.3 Surface Temperatures on July 9-10, 2009 

 Surface urban to rural temperature differences were extremely high ahead of the thunderstorm 

event on July 10, 2009 (Figure 5.10).  Average temperature differences between urban and rural weather 

stations were 2.4°C 24-hours ahead of the initiation event at 19Z (2pm CDT). Given no synoptic forcing 

at the surface or aloft, abnormal moisture in the lower troposphere and uneven heating of the urban area 

to rural area temperature differences, the direct lifting mechanism appears to be the UHI.   

 

Figure 5.10: Differences in hourly urban to rural temperature differences on July 10, 2009. 

 

5.1.4 Thunderstorm Evolution 

At approximately 19:16Z (~2:16pm CDT) radar reflectivity began to show precipitation slightly 

downwind of the Nashville CBD (Figure 5.11). The storm began moving south on the eastern portions of 

the city where it crossed the I-440 Interstate beltway around Nashville and began to strenghthen. Radar 
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reflectivity values recorded the highest dBZ just after crossing the interstate at approximately 20:13Z 

(~3:13 pm CDT), possibly indicating the storm gathered thermal energy from this urban land-cover type.  

The storm reflectivity dissipated quickly soon after the interstate crossing, thereby marking the 

termination stage of the storm.  At the same time an outflow boundary formed on radar from the 

downdraft of the original collapsing thunderstorm which mostly likely induced other thunderstorms to 

form around Nashville. After the termination of these thunderstorms, no more thunderstorms or 

precipitation were reported within the study area for the remainder of the day.  

 

Figure 5.11: Initiation of the thunderstorm of interest downwind of the CBD of Nashville. A filter of 
+20dBZ has been placed on the radar product to reveal the storm more clearly. (Image produced via the 
NOAA Weather and Climate Toolkit 3.6.6).  

 

5.1.5 Summary 

In the several days leading up to the July 10th event, the study area was dry and warm from July 

6-July 10th.  An extensive ridge at the 850 hPa was located over North Carolina allowing for warm moist 

air from the Atlantic and Gulf of Mexico to be pushed into the lower atmosphere around Nashville 
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allowing for abnormal temperatures and moisture conditions. The ridge at the 850 hPa along with a strong 

urban convergence zone at the surface allowed warm unstable air to be lifted to the 850 hPa allowing for 

thunderstorm formation. Cool dry air at the 700 hPa level eventually suppressed convection over 

Nashville and the thunderstorm dissipated quickly. Therefore, the July 10th 2009 event was considered to 

be air mass thunderstorm with promotion from the UHI given no other lifting mechanism.   

 

Figure 5.12: A 850 hPa geopotential height (solid lines) and temperature map (dashed lines) analysis map 
for 12z on July 10, 2009. The red arrow emphasizes the low-level inflow into the Nashville region 
(NCDC 2013). 
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5.2 Splitting Thunderstorm Event (June 13, 2010) 

 The second case study outlines the thunderstorm event of June 13, 2010 in which thunderstorms 

split over the Nashville metro area. The storm formed in western Tennessee at 14z (9am CDT), moved 

over the city of Nashville at approximately 20z (3pm CDT) and then reformed into a stronger storm at 

21z (4pm CDT) downwind of the city. Like initiation type thunderstorms, the splitting type thunderstorm 

event took place in a weak synoptic flow environment with elevated urban temperatures. Unlike the 

initiation cases, thunderstorms were not directly formed from the UHI, but did modify existing 

thunderstorms. Figure 5.13 displays the path and behavior of the thunderstorm events life-cycle with 

respect to Nashville. 

 

Figure 5.13: Thunderstorm path from 19z until 21z displaying a split over the city of Nashville. 
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5.2.1 Synoptic Setup on June 13, 2010 

 As with the initiation case study, the bifurcating event was also under the presence of a strong 

ridge over Nashville. The strong ridge in place allowed for mid-June 2010 temperatures to be well above 

average for Nashville, including June 13, 2010.  On the 13th of June, the highest average 24-hour 

temperature for KBNA for month of June was recorded at 30°C (86°F). Average 24-hour temperatures 

before and after June 13th were also above normal, but not nearly as warm as June 13th, 2010. The 

Nashville airport (KBNA) also reported extremely wet days prior to June 13th.  KBNA had the wettest 

month ever recorded with 41.7 cm (16.4 in) in the month of May and with almost 4 cm (1.55 inches) of 

rain falling within one 24-hour period on June 9th several days ahead of the event (NCDC 2013).  

 The upper air configuration across North America ahead of the bifurcating event displayed no 

noticeable jet streaks or divergence regions aloft over Nashville (Figures 5.14 and 5.15). Winds over 

Nashville were relatively weak and in an easterly direction at 5 knots at the 250 hPa level with westerly 

winds at 30 knots at the 500 hPa level. In the lower troposphere (700 hPa and 850 hPa), winds were all 

from the westerly direction and less than 30 knots with elevated dew point temperatures (Figures 5.16 and 

5.17). Ahead of the event, a surface high pressure system was centered over New Orleans, Louisiana with 

a central pressure of 1020 hPa (Figure 5.18). The clockwise rotation of the high pressure system brought 

warm humid air from the Gulf of Mexico into the Nashville metro area. A surface stationary front was 

also located across Indiana, Illinois, and Missouri. Several waves of low pressure were located in Kansas, 

Oklahoma, and Texas well outside the 500 km buffer region around Nashville. 
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Figure 5.14: 12Z 250 hPa synoptic map of sreamlines, winds (kts), temperatures/dewpoints (°C)  and jet 
streaks (blue shaded areas) on June 13, 2010  (UCAR 2013). 

 

Figure 5.15: 12Z 500 hPa synoptic map of observed heights (gpm) winds (kts) and temperature dew 
points (°C) on June 13, 2010 (UCAR 2013). 
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Figure 5.16: 12Z 700hPa synoptic map of winds (kts), geopotential heights (m), temperatures (°C), and 
dew points greater than 4°C on June 13, 2010 (UCAR 2013). 

 

Figure 5.17: 12Z 850 hPa synoptic map of observed winds (kts), geopotential heights (m), temperatures 
(°C), and dew points greater than 8°C on June 13, 2010 (UCAR 2013). 
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Figure 5.18: 21Z (4pm CDT) Surface analysis with radar and satellite overlay on June 13, 2010 (UCAR 
2013). 

 

5.2.2 Sounding Observations on June 13, 2010 

 The thunderstorm of interest began to split at 19Z (2pm CDT), therefore radiosondes launched at 

12Z (7am CDT) on June 13th, 2010 and after the event at 0Z (7pm CDT) June 14th, 2010 were analyzed. 

The 12Z sounding showed a temperature inversion from the 1000 hPa to roughly the 900 hPa level 

(Figure 5.19). Winds were light throughout the entire column from the west allowing for minimal 

advection to take place throughout the lower and upper atmosphere. Winds in the middle layers (600 hPa 

to 400 hPa) were elevated slightly exhibiting minimal speed wind shear between 20 to 35 knots. 
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Figure 5.19: June 13, 2010 12Z sounding profile for KBNA (UCAR 2013). 

 

The atmosphere was unstable in the early morning hours of June 13, 2010.  The convective 

temperature at 12Z showed a temperature of 31°C (88°F) with CAPE values in the mid 1,000 J kg-1 range. 

The LI was -5 and the KI was 34, which indicated an atmosphere able to produce widespread 

thunderstorms, even marginally severe, if substantial lifting mechanisms were in place. Hodograph 

profiles did show some slight veering with height, but nothing indicating supercell thunderstorm type 

development was imminent. Precipitable water content was 4.93 cm (1.9 inches) of water throughout the 

entire column of the atmosphere above Nashville. 
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Figure 5.20: June 14, 2010 0Z sounding for KBNA (UCAR 2013). 

 

The 0Z sounding showed relatively little change from the 12Z sounding. Winds were still weak at 

all levels of the atmosphere varying between calm to 20 knots. Low level moisture was high through the 

600 hPa pressure level and the freezing level was relatively high at the approximately the 550 hPa level. 

CAPE, the LI, and KI were still extremely high indicating an unstable atmosphere was still in place after 

the splitting event took place. The differences between the morning and early evening sounding included 

a higher LCL and the lack of a capping inversion in which was in place during the morning hours; 

therefore, CIN values were lower than normal. 
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Parameter/Index June 13 2010 All Study Days Difference 

925 hPa Height 833 gpm 811 gpm 22 gpm 

925 hPa Temperature 24.7°C 20.0°C 4.7°C 

925 hPa Dew Point 20.8°C 13.6°C 7.2°C 

925 hPa Mixing Ratio 17.0 g/kg 11.2 g/kg 5.8 g/kg 

925 hPa Theta E 356 K 333 K 23 K 

850 hPa Height 1570 gpm 1535 gpm 35 gpm 

850 hPa Temperature 19.7°C 15.2°C 4.5°C 

850 hPa Dew Point 14.6°C 9.4°C 5.2°C 

850 hPa Mixing Ratio 12.5 g/kg 9.5 g/kg 3.0 g/kg 

850 hPa Theta E 345 K 330 K 15 K 

700 hPa Height 3215 gpm 3154 gpm 61 gpm 

700 hPa Temperature 9.5°C 6.3°C 3.2°C 

700 hPa Dew Point 2.0°C -4.8°C 6.8°C 

700 hPa Mixing Ratio 6.4 g/kg 4.6 g/kg 1.8 g/kg 

700 hPa Theta E 333 K 324 K 9 K 

500 hPa Height 5930 gpm 5838 gpm 92 gpm 

500 hPa Temperature -6.1°C -9.0°C 2.9°C 

250 hPa Height 11015 gpm 10835 gpm 180 gpm 

250 hPa Temperature -41.0°C -45.3°C -4.3°C 

CAPE 1948 J/kg 443 J/kg 1904 J/kg 

CIN -45.7 J/kg -56 J/kg 11 J/kg 

K-Index 33 22 11 
Lifted Index -5 1 -6 

MML Mixing Ratio 17.6 g/kg 12.0 g/kg 5.6 g/kg 

MML Theta 303 K 297 K 6K 

PWAT 47 mm 34 mm 13 mm 
LCL Height 896 hPa 877 hPa 19 hPa 

LCL Temperature 21°C 14°C 7°C 

Table 5.2: Average temperatures, dew points, mixing ratios, geopotential heights, theta-e values, and 
stability indices for several standard pressure levels in the atmosphere for June 13, 2010 compared to 
average study day values from MJJAS 2003-2012. 

 

Lapse rates for the splitting scenario were all elevated in every level indicating large than normal 

parcel lift (Table 5.3).  Average lapse rates were -6.0°C per 1,000 meters throughout the lower 

atmosphere. A slightly higher than normal lapse rate can aid raising air parcels to the LCL allowing for 
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clouds and thunderstorms to form.  Heat effects from the urban boundary layer sampled from radiosondes 

downwind of the city could explain for the higher than normal lapse rates seen for this event. 

Temperatures in the lower atmosphere were much warmer than normal compared to average 

study days allowing for efficient parcel lift, but due to the nature of high-run off of water by urban land-

cover, drier than normal air parcels existing within the urban boundary layer lifted reducing saturation 

above the city. When elevated vertical velocities from sensible heat thermals of the city reach the 

perimeter of the city, saturated air parcels in rural locations were allowed to lift and thereby allow 

thunderstorms and precipitation to form. 

Lapse Rates June 13, 2010 All Study Days Difference 

925 hPa - 500 hPa -6.0°C/km -5.8°C/km -0.2°C/km 

700 hPa-850 hPa -6.2°C/km -5.5°C/km -0.7°C/km 

850 hPa- 500 hPa -5.9°C/km -5.7°C/km -0.2°C/km 

700 hPa -500 hPa -5.8°C/km -5.7°C/km -0.1°C/km 

Table 5.3: Lapse rates for the June 13, 2010 event compared to all study days from MJJAS 2003-2012. 

 

5.2.3 Surface Temperatures on June 13-14, 2010 

 Building upon the theory from Section 5.2.2, temperatures at the surface during the splitting event 

may indicate why thunderstorms bifurcated around the urban land-cover of Nashville. Elevated 

temperatures with a dry sensible heat flux from the urban surface could have caused precipitation and 

thunderstorms to wane over the city. A sudden increase in temperatures and dryness of the lower 

boundary layer could have suddenly raised the LCL or the saturation levels at which clouds form; 

however, Niyogi et al. (2011) has suggested friction and drag force from tall buildings appear to be the 

cause for bifurcation. But given the extreme temperatures slightly ahead of the splitting event may give 

merit to the theory sensible heat flux from the UHI may be the cause of splitting thunderstorms over 

Nashville and other cities. 
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Date Time Time Obs. Urban Obs. Rural Difference 

(GMT/Z) (GMT/Z) (CDT) KBNA (°C) KCKV (°C) (Urban- Rural) 

6/12/2010 21Z 4PM 33.9 32.8 1.1 

6/12/2010 22Z 5PM 32.2 32.2 0 

6/12/2010 23Z 6PM 31.7 31.7 0 

6/12/2010 0Z 7PM 30.6 30 0.6 

6/12/2010 1Z 8PM 29.4 28.9 0.5 

6/12/2010 2Z 9PM 28.9 28.3 0.6 

6/12/2010 3Z 10PM 28.3 27.8 0.5 

6/12/2010 4Z 11PM 26.7 27.2 -0.5 

6/13/2010 5Z 12AM 27.2 26.7 0.5 

6/13/2010 6Z 1AM 26.7 26.1 0.6 

6/13/2010 7Z 2AM 26.1 25.6 0.5 

6/13/2010 8Z 3AM 26.1 25.6 0.5 

6/13/2010 9Z 4AM 25.6 25 0.6 

6/13/2010 10Z 5AM 25.6 24.4 1.2 

6/13/2010 11Z 6AM 27.2 25.6 1.6 

6/13/2010 12Z 7AM 28.3 27.2 1.1 

6/13/2010 13Z 8AM 30 29.4 0.6 

6/13/2010 14Z 9AM 31.1 30 1.1 

6/13/2010 15Z 10AM 32.8 31.7 1.1 

6/13/2010 16Z 11AM 33.9 31.7 2.2 

6/13/2010 17Z 12PM 33.3 32.8 0.5 

6/13/2010 18Z 1PM 34.4 33.3 1.1 

6/13/2010 19Z 2PM 33.9 25.6 8.3 

6/13/2010 20Z 3PM 32.8 29.4 3.4 

24 Hour Average : 29.9 28.7 1.1°C 

Table 5.4: Temperature differences between urban (KBNA) and rural (KCKV) weather stations 24 hours 
ahead of the splitting thunderstorm event. 

 

 Table 5.4 shows the differences in temperatures between KBNA and KCKV 24- hours ahead of 

the event. The 24-hour average UHI intensity was elevated to +1.1°C and was a +0.1°C higher compared 
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to all average study UHI intensity days. The outlier temperature difference at 19Z of 8.3°C between 

KBNA and KCKV was due to a thunderstorm outflow boundary passing over the KCKV at the time 

before the group of thunderstorms associated with splitting reached Nashville. 

5.2.4 Thunderstorm Evolution 

 Figure 5.21 shows the progression of the July 13, 2010 thunderstorms through the Nashville 

metro area.  The thunderstorm(s) initiated at 14Z (9am CDT) in the western Tennessee counties of 

Benton, Henry, and Houston.  The three thunderstorms appear to be initiated by outflow from an old 

thunderstorm boundary. As time progressed the thunderstorms began to amalgamate into one central 

storm over Humphreys County at approximately 18Z (1 pm CDT).  Eventually as the storm approached 

the study area into Cheatham county at 19Z (2pm CDT), the storm began to diverge and split into two 

defined areas of precipitation. These two areas of precipitation moved laterally north and south of the 

C.B.D. of Nashville at 20Z (3pm CDT). Finally, at 21Z (4pm CDT) both areas of precipitation re-emerge 

on the leeward side of the city of Nashville where both areas of thunderstorms realign as one stronger unit 

of precipitation before dissipating over Wilson county at 22Z (5pm CDT). It should be noted 

thunderstorms began to diverge well ahead of the city of Nashville, but re-intensified immediately after 

traversing over central Nashville. This result indicates a mechanism other than heat such as urban 

topography or un-observed mechanical forcing was acting upon these thunderstorms.  
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Figure 5.21: A six-step time series displaying splitting of thunderstorms over Nashville, TN from 18z – 
22z (1p.m.-5 p.m. CDT) on June 13 2010; a.) 1 p.m.; b.) 2 p.m.; c.) 2:16 p.m.; d.) 2:50 p.m.; e.) 3 p.m.; f.) 
4 p.m. (Images produced from the NOAA WCT, and data from the NCDC). 
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5.2.5 Summary 

 The splitting thunderstorm case on June 13, 2010 progressed in warmer and more moist-laden 

environment than average. A predominate ridge was in place in the eastern U.S. as a significant trough 

was positioned in the West. The overall upper air pattern exhibited the same conditions needed for 

initiating thunderstorms, weak synoptic flow and high temperatures and dew points aloft.  In some cases, 

temperatures aloft were above 5.0° C with dew point temperatures 7.0° C higher than normal. Stability 

indices were also extremely elevated from normal study days. CAPE approached almost 2000 J kg-1 with 

KI values well into the 30s and LI in the mid- negative single digits.  The LCL height on average was 

lower in the atmosphere on the bifurcating days of 896 gpm compared to average study days of 877 gpm, 

by about 20 hPa and the LCL temperature was warmer than normal (~20°C), most likely as a results of 

excess moisture/heat in the lower boundary layer environment. 

The surface temperatures in Nashville were in the lower 30°C (90s°F) with dew point in the 

lower 20°C (70s°F) readings. These were the ideal conditions for thunderstorms during the warm season 

months in Nashville. Winds at the surface and aloft did not appear to impact thunderstorm formation or 

movement given hodograph profiles and weather station observations. Temperature results appear to be 

inconclusive, but due to error in temperature readings and calculations the 0.1°C difference between 

normal UHI conditions and the splitting event do not seem connected.  

The June 13th bifurcating event lasted 6 hours from initiation until dissipation across the state of 

Tennessee. The thunderstorm of interest initiated in Western Tennessee, moved over Nashville Tennessee 

and then reformed into a stronger cell after moving downwind of the city. Although both cases had 

similar profiles in temperature and moisture, both events had very different observations, storm patterns 

and environments from one another. One major difference was the level of instability available for the 

split thunderstorm case from the initiation case. The first case study had very little thermodynamic energy 

available in the morning hours for lift and convection while the bifurcating case had ample energy 
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available for lifting air parcels throughout the day. A major reason CAPE was low in the July case was 

due to the extremely cold dry air at the 700 hPa level. The extremely cool-dry air inversion did not allow 

air parcels to reach the upper atmosphere, therefore reducing elevated CAPE values. Surface heating in 

the July case was much larger than average study days and even more predominately with the second case 

study.  

A second major difference between the July 2009 and June 2010 case studies was the temperature 

differences slightly ahead of each of these events. Removing the outlier temperature of 8.3°C for KCKV 

on June 13, the average 4 hour temperature ahead of the splitting thunderstorms was +1.8°C while the 4 

hour temperature difference ahead of the initiation event on July 10 was +3.1°C. Expanding to a time 

series 8 hours ahead of the splitting event, temperature differences between KBNA and KCKV were only 

+1.4°C; while the temperature difference ahead of the initiation event in July was approaching +4.0°C.  

Observational evidence suggests UHI heat may have played a factor on the July 10, 2009 event. 

  An important atmospheric circulation factor in both of these case studies was a strong ridge over 

the Southeast.  The position of a surface high pressure system heavily determined the extent of the 

moisture influx into Nashville, Tennessee from the Atlantic Ocean and Gulf of Mexico.  When a high 

pressure system was situated over the Northern Gulf Coast, geopotential heights increase and allow warm 

to be advected into Tennessee. The same principle of high pressure system orientation can be said 

regarding specific humidity values (mixing ratios). If a predominate high pressure cell was located over 

the Eastern Gulf of Mexico, then an influx of moisture from the Atlantic Ocean, Gulf of Mexico, and 

Central America will invade areas around Nashville to the north, but if the pressure system was shifted 

further west towards Mexico or further east past Florida than lower humidity values will be present within 

Nashville. A high pressure system is located close to the Western Florida coast is needed for urban 

thunderstorms and thunderstorm splitting behavior to exist. 

 



82 
 

 

 

 

VI. CONCLUSION 

 

 

The purpose of this research was to determine whether heat from the UHI or moisture played a 

major role in urban thunderstorm formation in a ten year period (2003-2012) for Nashville, Tennessee. In 

addition, a goal was to determine where and when urban thunderstorms develop over time and space 

around the urban area of Nashville.  The study hypothesized: (1) a UHI magnitude of at least or great 

1.5°C temperature difference between the urban and rural stations would be present during a majority of 

these events; (2) the average UHI magnitude would be greater 24 hours ahead of urban thunderstorm type 

events compared to average study days; (3) dew point temperatures throughout the lower troposphere 

would be as 2.0°C higher compared to average study days; and (4) thunderstorm development around 

Nashville would show a tendency for development in an east to south pattern that coincided with 

interstate highways.  

The findings on frequency were unexpected as the results for Nashville closely coincided with 

Atlanta from Dixon and Mote (2003). In Atlanta, Dixon and Mote found 20 UHI-thunderstorm days 

(2.6% of study days) with a preponderance of the events taking place in the month of July during non-

drought years for a 5 year period between 1996 and 2000. On average, Atlanta experienced 4 days a year 

exhibiting UHI-thunderstorm interactions. Nashville over a 10 year period from 2003-2012 had 22 urban 

thunderstorm days (1.4% of study days) with the majority of the thunderstorm events taking place in the 

month of August during non-drought years. On average, Nashville experienced 2 urban thunderstorms a 

year. Additionally, urban thunderstorms for Nashville tended to be predominate during the diurnal hours 

rather than nocturnal as seen in Atlanta.  



83 
 

One possible reason for such a small sample of events could be the relative geographic size of 

city of Nashville being the 29th largest urban area spatially to Atlanta being the 2nd largest city by square 

area (USCB 2013). Atlanta has highly-urbanized expanses within the CBD, with tall buildings 

encompassing a much larger area and several urban heat island cores compared to the Nashville MSA; 

therefore, the frequency of urban thunderstorm events was potentially much less for Nashville. Another 

major reason in fluctuation of urban thunderstorms entails the variation in annual regional warm-season 

precipitation. Abnormally dry years were recorded for central Tennessee in 2004, 2007 and 2011, while 

excessively wet years took place in the years 2005 and 2010 (Drought.gov 2013).  

The year 2005 saw a record number of tropical systems impacting the Gulf coast states (NHC 

2013) while May 2010 was the wettest month ever recorded for the city of Nashville (NWS 2013). As 

several tropical systems came on shore in 2005 along the LA/MS coast, excess moisture from the Gulf of 

Mexico moved northward into the Nashville Metro area. Remnants of Tropical Storm Arlene and 

Hurricanes Cindy, Dennis, Katrina and Rita all impacted the Nashville area with rainfall and moisture 

between June and August. Excess moisture at the surface and aloft as well as UHI interactions allowed for 

convection to take place more efficiently than typical non-excessive tropical landfall seasons. In May 

2010, record flooding was observed in Nashville and the surrounding areas due to thunderstorm activity 

along a stationary front situated over North Central Tennessee. Excess moisture within the hydrosphere 

around Nashville allowed for several urban thunderstorm events to later take place in late May into the 

month of June of 2010. 

Regional topography also produced a major role in the impact of moisture for Nashville in 

comparison to Atlanta. The Appalachian Mountains to the east largely blocks moisture influx from the 

Atlantic while the environment around Atlanta can utilize moisture from both the Atlantic and Gulf of 

Mexico.  Limiting only one moisture source from the Gulf of Mexico due to the topography of the 

Appalachian Mountains to the east of Nashville will drastically cut down on the number of thunderstorms 
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forming in and around the city of Nashville largely because mountains block moisture from the Atlantic 

Ocean.  

Numerical results from this study have also shown similar outcomes to the Dixon and Mote 

(2003). Dixon and Mote (2003) could not conclude if the heat from the Atlanta urban area was a cause for 

thunderstorm initiation; this was also the case for Nashville.  Unlike Atlanta, the UHI intensity was higher 

than average during the hours of urban thunderstorm events; however, the difference in magnitude, while 

statistically significant, was quite low at 0.5°C or less. The temperature difference may have created 

enough lift to make convergence zones sufficiently intense to reach the LCL/LFC and initiate 

thunderstorms over Nashville. Future studies are needed to determine if other cities throughout the United 

States exhibit the same results.  

The Nashville surface analysis found on average the UHI intensity at initiation was only 1.1°C 

different between urban to rural stations where an expected value of 1.5°C was hypothesized. Only six 

events experienced temperature differences greater than 1.5°C at the time of thunderstorm initiation. It 

was also hypothesized the 24 hour average ahead of the initiation event would have a 1.5°C temperature 

difference. The results showed only a 24 average UHI intensity of 0.5°C ahead of each bifurcating and 

urban thunderstorm event. The third hypothesis was proven by results indicating higher dew point and 

moisture aloft above Nashville. The hypothesis predicted a 3.0°C dew point temperature difference would 

be noticeable between urban thunderstorm days and average study days. The fourth and final hypothesis 

of the analysis predicted a majority of thunderstorm initiation locations would form within 5km of 

interstate highways. The research found 32 (89%) of the 36 initiation locations developed within 5 km of 

interstates with 17 (47%) of the initiation locations forming within 1 km of interstate highways. 

Upper air data followed similar results to Dixon and Mote (2003) as well as Bentley et al. (2012) 

studies for Atlanta.  Dixon and Mote found statistically significant higher than average dew point 

temperatures below 550 hPa; Nashville also exhibited elevated dew point temperatures in the lower 
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troposphere (925 hPa, 850 hPa, 700 hPa and 500 hPa levels) of +3.0°C or higher compared to normal. 

Geopotential heights, theta-e values, mixing ratios, and temperatures were also abnormally elevated on 

urban thunderstorm days compared to average study days, indicating a warmer and more humid air mass 

in place during these events. Similar to Bentley et al. (2012), stability indices indicated marginal potential 

for widespread non-severe thunderstorms for these days.  CAPE values were typically less than 1000 J kg-

1, with slightly higher CIN values indicating possible larger inversions in place ahead of these events. KI 

and LI indices exhibited widespread thunderstorm coverage was possible, yet compared to all other 

thunderstorm event days and non-unstable days these values were significantly different. Based on this 

analysis non-severe weak synoptic forced environments were needed for urban thunderstorm events to 

initiate over Nashville. 

Dixon and Mote (2003) suggested thunderstorms were prone to developing around interstates and 

Nashville displayed a similar spatial pattern. Nashville had 26 identified initiation locations compared to 

Atlanta’s 37 locations. Atlanta had more spread out concentrations of thunderstorm initiation locations 

than Nashville, but again, Atlanta is geographically larger than Nashville. Unlike Dixon and Mote, this 

analysis had many more thunderstorm locations near interstates. The Nashville analysis found 49% of 

initiation spots forming within 1 km of interstates, with 68% forming within 3 km and 85% of 

thunderstorm mean centers forming within 5 km of interstates. In the Atlanta analysis only 56.8% formed 

within 5km and 27% developed in between the 5 to 10 km buffer around interstates. The Nashville results 

were compared to actual observed radar reflectivity values within ArcGIS 10 to confirm 40 dBZ 

reflectivity was located over urban land-cover and within the buffer regions. The observed events 

continue to suggest highway and interstates may have an impact on convection. 

Many opportunities still exist to build upon this work for Nashville and other cities. One major 

improvement could be a denser weather station network in the city of Nashville to measure the 

relationship of UHI, moisture, and thunderstorms. A more widespread urban mesonet network would 

allow for better understanding of mesoscale convective processes and the urban boundary layer 
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conditions are needed for initiation and modification of thunderstorms. A finer resolution of weather 

variables may help to determine the micro-scale forcing needed from the land-surface to initiate 

thunderstorms. A second advancement would be to establish a field campaign to measure urban 

thunderstorms as the phenomena appears. Launching of radiosondes before, during, as well as after each 

event would gain valuable knowledge about the atmosphere during urban thunderstorms. Determining the 

vertical profiles of the atmosphere at other times than 0Z and 12Z may make mesoscale forecasting and 

modeling easier for future events.  

Finally, establishing a more well-refined operational definition for the scientific community is 

needed for cities interacting with thunderstorms. Exactly defining what an urban thunderstorm initiation 

event may be versus a bifurcation event are important for several reasons: (1) the establishment of an 

operational definition allows for non-subjective characteristics to be recognized throughout the scientific 

community and to control the streamlining of scientific experiments (2) help investigators find common 

world-wide observations of thunderstorm behaviors around cities and (3) to help educated the public and 

policy makers on what and why studying such thunderstorm phenomenon. Meeting these goals is 

important since thunderstorms present many hazards and add to public/private costs to life and property. 
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APPENDIX A: ACRONYMS AND ABBREVIATIONS 

Acronym Name 
C Celsius 
CAPE convective available potential energy 
CBD commercial business district  
CCN cloud condensation nuclei 
CDT Central Daylight Time 
CIN convective inhibition 
COOP cooperative  
dBZ decibel 
DM dry-moderate 
DT dry-tropical 
GCCN giant cloud condensation nuclei 
GIS Geographic Information System 
GMT Greenwich Mean Time 
gpm geopotential meter 
hPa hectopascal 
J Joule 
K Kelvin 
KI K-Index 
kg kilogram 
km kilometer 
LANDSAT Land Remote-Sensing Satellite 
LCL lifting condensation level 
LI Lifted-Index 
LFC level of free convection 
MM moist-moderate 
MM5 mesoscale model version 5 
METROMEX Metropolitan Meteorological Experiment 
MJJAS May, June, July, August, and September 
MML-MR mean-mixed-layer mixing ratio 
MT moist-tropical 
NCDC National Climatic Data Center 
NEXRAD Next Generation Radar 
NOAA National Oceanic and Atmospheric Administration 
NWS National Weather Service 
NYC New York City 
PM particulate matter 
PWAT precipitable water content 
SSC Spatial Synoptic Classification 
TT total totals index 
TRMM Tropical Rainfall Measuring Mission 
UBL urban boundary layer 
UCAR University Corporation for Atmospheric Research 
UCL urban canopy layer 
UHI urban heat island 
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Acronym Name 
USGS United States Geological Survey 
UT urban thunderstorm 
UTC Coordinated Universal Time 
WCT Weather and Climate Toolkit 
Z Zulu 
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