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 From 1981 to 2010 flooding claimed an average of 92 lives each year in the United 

States.  According to the National Oceanic and Atmospheric Administration National Weather 

Service, in 2010 the number of flood-related fatalities (103) was second only to heat (138).  Flash 

flooding is especially dangerous as sudden, torrential downpours from thunderstorms can cause 

gullies, streams, and creeks to rise quickly and become an immediate risk to life and property.  

Across the southern Appalachian Mountains this threat is aggravated by steep terrain and the 

rapid accumulation of rainfall in narrow valleys and gorges.  

Severe storm reports were gathered from the National Climatic Data Center from 1996 to 

2010.  An emphasis was placed on flash flood events collected after the modernization of the 

National Weather Service in the mid-1990s when verification of storm reports became 

mandatory.  Using a Geographic Information System, an abbreviated climatology of flash flood 

events was constructed to better understand the frequency and distribution of such events over the 

extent of the southern Appalachians.  Additionally, forecasters and hydrologists provided insight 

on where flash floods occur most frequently across their County Warning Areas. 

 In total, there were 4,938 flash flood reports across the southern Appalachian Mountains 

from 1996 to 2010.  Of those reports there were 71 fatalities and 64 injuries, many of which 

http://www.wx4sno.com/


x 
 

occurred during the evening and overnight hours.  Nearly 33 percent of all fatalities were 

associated with a vehicle and another 38 percent occurred when residents were swept away while 

traversing swollen creeks and streams.  The information presented herein will assist 

meteorologists and hydrologists as well as those who would like to gain additional knowledge 

about flash flood climatology across the southern Appalachians. 
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1.  INTRODUCTION 
 
 
 

 The United States has some of the most dramatic and deadly weather anywhere in the 

world.  While tornado forecasting and research has flourished over the past several decades, much 

less is known about a greater threat, flash flooding.  This is especially evident across the 

Appalachian Mountains of eastern North America.  Steep, complex terrain combined with 

favorable atmospheric conditions and quick hydrologic response times can lead to an increased 

risk for flash flooding.  With much of the population of the Appalachians living and working 

along or near mountain streams, flash floods can prove to be disastrous and deadly.  To better 

understand the spatial and temporal extent of these events, a flash flood climatology needs to be 

constructed for the entire southern Appalachians.  Armed with this knowledge, meteorologists 

and hydrologists can better understand where and when flash floods are likely to occur. 

The greater Appalachian Mountains extend from the Maritime Provinces of Canada south 

through the eastern United States to Georgia and Alabama. The United States Geological Survey 

(USGS) has classified this region within the United States as a physiographic division known as 

the Appalachian Highlands which is thus subdivided into thirteen different provinces1.  For the 

purpose of this study, the southern Appalachians were defined as the mountainous areas south of 

the Mason-Dixon Line (39.7° N) which forms the border between the states of Pennsylvania and 

Maryland.  This includes four major USGS provinces:  the Appalachian Plateau, Valley and 

Ridge, Blue Ridge, and the Piedmont.  The Piedmont is composed of rolling hills and much 

1  For a list of all acronyms and abbreviations found in this document, please see Appendix A. 
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flatter terrain than the other three provinces, thus this province was not included in this study.  

Counties and Virginia independent cities that are located within the Appalachian Plateau, Valley 

and Ridge, or Blue Ridge provinces are considered part of the southern Appalachians.   

Both the human geography and geomorphology of the region are important factors to 

consider when discussing the development of flash floods as well as their impacts across the 

region.  The highest elevations east of the Rocky Mountains are found within the southern 

Appalachians and the mountain range acts as a forcing mechanism for the initiation of 

thunderstorms.  The juxtaposition to the Gulf of Mexico and Atlantic Ocean often provides 

storms with ample moisture return which is a major requirement of heavy precipitation 

development and the formation of flash floods.  Many residents of the southern Appalachians live 

in large, regional cities but a large segment of the population inhabits mountain valleys along 

small streams and creeks (Fig. 1.1 A and B).  This proximity to streams in steep terrain can put 

citizens at risk if flash flooding develops; homes and complete neighborhoods can be cut off  

 

     

Figure 1.1.  Homes located in mountain hollows along small streams in Pulaski County, Virginia.  
A) Left:  A dry stream bed can quickly turn into a ragging torrent and pose a danger to locals, as 
evidenced by the debris deposited near the culvert; B) Right:  In the event of a flash flood, 
residents of this home could face a life or death situation since their only means of escape is in 
the form of a foot bridge which crosses the stream.  Images by A. Phillips, copyright 2009. 
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leaving residents no route of escape due to roads and bridges having been washed out.  

Furthermore, intermittent or ephemeral streams can lead locals into a false sense of security.  

Creeks that are often dry throughout much of the year can quickly turn into dangerous torrents of 

fast-flowing water after heavy downpours over the stream basin.  Additionally, portions of the 

southern Appalachians suffer from low income values which can put a strain on citizens of those 

areas if devastating flash floods occur and damage homes and businesses. 

To determine the distribution and frequency of these events across the southern 

Appalachians, a fifteen-year climatology spanning the years of 1996 to 2010 was organized using 

records from Storm Data, a monthly publication from the National Climatic Data Center 

(NCDC).  This publication includes information about several types of severe weather, including 

floods and flash floods.  Additional information for each event is usually included, such as the 

event date, beginning and ending times, location, fatalities, injuries, and damage estimates, to 

name a few.  Using this information, flash floods were analyzed both spatially and temporally in 

addition to providing quantitative data regarding the severity of each event at the county scale.  

This abbreviated climatology was derived using a Geographic Information System (GIS), namely 

ArcGIS from the Environmental Systems Research Institute (ESRI), to analyze spatial 

distributions while Microsoft Excel provided support for temporal and statistical analysis.   

 In addition, each Weather Forecast Office (WFO) that serves the southern Appalachians 

was contacted and asked several questions related to flash flooding across their forecast coverage 

area.  This included asking for any specific knowledge about locations that are more or less prone 

to flash flooding, as well as what atmospheric or environmental conditions are most favorable for 

the development of heavy precipitation storms and flash flooding.  This information coupled with 

the derived climatology will provide valuable assistance to those unfamiliar with the area and its 

flash flood potential. 
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The focus of this thesis was to analyze the frequency and extent of flash flood events 

across the southern Appalachian Mountains from 1996 to 2010.  This was accomplished by first 

reviewing previous literature on the subject including discussions on how heavy precipitation 

thunderstorms (and flash flooding) develop as well as previous climatological studies across the 

region; this set the stage for questions and further research ideas.  A methodology was then 

developed that mimicked previous studies but provided additional analysis at a much larger 

spatial scale.  Results from this climatology were then compared to first-hand knowledge 

provided by local National Weather Service (NWS) officials.  This strengthened the validity of 

the study and provided insight into locations that are often prone to flash flooding.  While the 

forthcoming climatology may be limited in temporal scale, the results are comparable to previous, 

long-term studies, and the findings should provide a well-rounded overview of flash flooding 

across the southern Appalachians.   
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2.  REVIEW OF RELEVANT LITERATURE 
 
 
 

2.1  Previous Flash Flood Climatologies 

From 1981 to 2010 flooding claimed an average of 92 lives each year in the United 

States.  According to the National Oceanic and Atmospheric Administration (NOAA), in 2010 

the number of flood-related fatalities (103) was second only to those of heat-related fatalities 

(138).  Additionally, excessive rainfall and flash floods can lead to property or crop damage 

which can severely impact a community (e.g., Pontrelli et al. 1999).   In a recent editorial for the 

Journal of Flood Risk Management, the associate editor commented, “much remains to be known 

about the spatial extent, frequency, and magnitude, i.e. climatology, of flash floods” (Gruntfest 

2009, p. 83).  Today, there are still unanswered questions regarding flash flood events.  Where do 

flash floods occur most often?  Are flash floods more or less likely to occur during summer or 

winter?  What regions see the most damage from flash floods?  A flash flood climatology will 

help answer such questions.   

Although several flash flood and heavy precipitation climatologies have appeared over 

the past few decades (Maddox et al. 1979; Gaffin and Hotz 2000; Stonefield and Jackson 2009), 

each defined flash flooding differently and each focused on particular regions over varying 

amounts of time.  Maddox et al. (1979) discussed 151 flash flood events across the entire United 

States spanning five years.  Their research focused on examining individual storm events for 

mentions of flash flooding reported in Storm Data between 1973 and 1977.  During that time, no 
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specific criteria existed regarding what constituted a flash flood and each report in the database 

had to be examined to determine what type of event(s) unfolded.  Furthermore, it was noted that 

reports often did not include the time of occurrence and nearly all reports lacked any information 

about duration or the amount of precipitation that occurred.  Maddox firmly called for a national 

database to be developed to document intense precipitation events.  Today, that log exists as an 

improved version of Storm Data from the National Climatic Data Center (NCDC).   

 In their research, Maddox et al. (1979) expanded upon prior research conducted by 

Maddox and Chappell (1978) to determine what atmospheric conditions were associated with 

flash flood events.  Atmospheric conditions between 850 and 200 hPa were analyzed for each of 

the 151 events, as were mean monthly values of precipitable water (PW) and two stability 

indices, the Showalter Lifted Index (SI) and the K-Index (KI).  Additionally, flash floods were 

analyzed to determine any spatial distributions or temporal frequencies.  Each flash flood report 

was first examined by season and distributions were then mapped.  Each report was then analyzed 

to determine the cause of the flash flood, whether it be a synoptic event, mesohigh event, or 

frontal event.  Additionally, events that occurred west of the 104th meridian were grouped into 

their own category.  According to Maddox, synoptic events were those flash floods that were 

associated with large-scale weather systems and strong winds aloft.  Mesohigh flash floods were 

those caused by cold air outflow boundaries from the decay of previous thunderstorms.  Frontal 

events occurred in conjunction with west to east frontal zones that were part of a weak large-scale 

pattern.  Finally, due to higher terrain and different meteorological conditions compared to the 

eastern United States, events west of 104° longitude were placed into their own unique category.    

Maddox et al. (1979) found that 86 percent of flash floods in their sample occurred 

during the warm season (April to September) with 25 percent occurring during the month of July 

(Fig. 2.1).  August had the second-highest number of flash floods while January had the least.  

Both Maddox and Chappell (1978) and Maddox et al. (1979) noted that a large segment of flash 
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floods occur during the nighttime hours between 06:00 and 18:00 local time.  Their findings also 

indicate that most flash floods that occur after dark develop from frontal systems or mesohigh 

situations.  Additionally, they determined multiple characteristics common to almost all flash 

floods, regardless of type or time of occurrence: 

1) Heavy rains were produced by convective storms. 

2) Surface dew point temperatures were very high. 

3) Large moisture contents were present through a deep tropospheric layer. 

4) Convective storms and/or cells repeatedly formed and moved over the same area. 

5) Vertical wind shear was weak to moderate through the cloud depth. 

6) Storms often occurred during nighttime hours. 

These findings still hold true today and several are discussed in subsequent sections related to 

atmospheric conditions and flash floods across the southern Appalachians.   

 

 

Figure 2.1.  Temporal frequency of events per month for 151 flash floods between 1973 and 
1977 (from Maddox et al., 1979). 
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Although Maddox et al. (1979) has been widely cited, the research is outdated and does 

not provide highly detailed information about the frequency and distribution of flash floods; a 

climatology analyzing a decade or more of flash flood events would be preferable in defining the 

extent of such events.  Operational forecasters out of Pittsburgh, Pennsylvania (PBZ) suggested 

no less than 50 years of data in their correspondence with the author (Davis 2012).  But, as 

previously discussed, old flash flood reports are limited and often vague, nor were reports verified 

by local WFOs which could have resulted in inaccurate data. 

Gaffin and Hotz (2000) reviewed flash flood statistics over a 39-year period from 1960 to 

1998.  Their coverage area was defined as the CWA of the Morristown, Tennessee WFO and, as 

with Maddox, data was also utilized from the NCDC’s Storm Data database.  Additionally, they 

compared their findings with normal precipitation patterns (spatial and temporal) derived from 

NCDC data.  The synoptic patterns and vertical profile data associated with heavy rainfall events 

were also discussed.  Their methodology for analyzing flash floods included treating a report 

from a single county as a single, separate report even if multiple counties were affected by the 

same storm system.  They also ignored any type of urban flood situation/report since this often 

occurs with the slightest amount of precipitation.   

Gaffin and Hotz (2000) found that a large percentage of flash flood reports occurred in 

counties with high population densities, specifically the counties home to the cities of 

Chattanooga, Knoxville, and the Tri-Cities of Tennessee.  It was believed that this was a result of 

urban development along creeks and streams, such as the South Chickamauga Creek in 

Chattanooga.  There was also a bias of reports toward mountainous areas, specifically Wise and 

Lee counties in southwest Virginia and Carter, Sevier, and Blount counties in eastern Tennessee.  

Additionally, some of the most destructive flash flood also occurred over the higher terrain.  

Their findings also revealed that the month of July had the highest frequency of flash floods, 

followed closely by March and May (Fig. 2.2 A). Most flash floods across the Morristown, 
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Tennessee CWA occurred during the afternoon and evening hours, especially events in during the 

spring and summer (Fig. 2.2 B). 

 

      

Figure 2.2.  Flash flood statistics across the Morristown, Tennessee CWA (from Gaffin and Hotz, 
2000).  A) Left:  Flash flood events per month; B) Right:  Flash flood events by hour.   

 

Although their [Gaffin and Hotz (2000)] research analyzed nearly four decades of events, 

flash flood records went unverified prior to the Modernization and Associated Restructuring 

(MAR) of the NWS in the mid-1990s.  Consequently, this could have resulted in the inaccurate 

reporting of flash flood events which would lead to an incorrect analysis.  Additionally, Gaffin 

and Hotz (2000) focused only on the CWA of the Morristown, Tennessee WFO.  While this is 

helpful to operational meteorologists at Morristown and those curious about flash flooding across 

east-Tennessee, neighboring NWS offices would likely have little to no use for a climatology that 

does not cover portions of their particular CWA.   

A very similar study was undertaken at the Blacksburg, Virginia WFO by Stonefield and 

Jackson (2009).  Their purpose was to simply provide operational forecasters with a 

climatological knowledge of floods and flash floods across their CWA; this included an analysis 

of flash flood frequency, severity, and geographical distribution.  Stonefield and Jackson (2009) 
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also relied on the NCDC Storm Data database as the backbone of their climatology.  Flash flood 

reports between 1994 and 2007 were analyzed, and as with Gaffin and Hotz (2000), events that 

occurred across multiple counties were broken down, with each county affected having one event 

occurrence.  Furthermore, if two or more reports had the same date and time, they were 

considered one single event.  To determine the severity of each flash flood event, a Flood 

Severity Index (FSI) was derived based on the impact description provided for each flash flood 

event.  In total, there were 766 flash flood reports analyzed with county distributions and annual, 

monthly, and hourly frequencies described.   

Stonefield and Jackson (2009) found that 25 percent of all flash floods from their sample 

occurred during the month of June and 75 percent occurred during the warm season (April 

through September).  Additionally, a large percentage of flash floods occurred during the 

afternoon and evening hours between 12:00 and 21:00 local time.  Most flash floods (nearly 83 

percent) were categorized as either nuisance or minor events with the month of June having the 

most frequent occurrence of significant flash floods, January was second.  Stonefield and Jackson 

(2009) also identified two regions within the Blacksburg, Virginia CWA that had a significant 

number of synoptic-scale flash flood events to occur (Fig. 2.3). Both locations are found within 

the southern Appalachians (as defined by Phillips) along the western slopes of the Valley and 

Ridge (Zone 1) and the eastern slopes of the Blue Ridge (Zone 2).   

While the climatology produced by Stonefield and Jackson (2009) included verified 

Storm Data reports, as with Gaffin and Hotz (2000), they also limited the climatology to only 

those areas under the forecast responsibilities of the Blacksburg, Virginia WFO.    While this is 

useful, the Blacksburg CWA encompasses mountainous (southern Appalachians) and non-

mountainous (Piedmont) terrain.  It is necessary to consider the geomorphology of a region when 

producing such a climatology as changing terrain and soil characteristics could alter the 

development and occurrence of flash floods.  Therefore, a climatology that only examines  
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Figure 2.3.  Regions of synoptic-scale significant flash flood events (from Stonefield and 
Jackson, 2009).   

 

mountainous areas would be useful.  Maddox et al. (1979) also discussed this situation and in 

their study, the higher terrain of the Black Hills of South Dakota and Big Bend region of Texas 

was included with the analysis of western (higher elevation) events.    

 

2.2  Characteristics and Storm Types Associated with Flash Floods 

 Extensive literature has been published over the past several decades related to 

tornadogenesis and other severe weather phenomenon.  While few climatologies of flash flooding 

have been produced at a regional or national scale, there have been numerous articles and book 

chapters on the topics of high precipitation and flash flood forecasting (e.g. Funk 1991; Opitz et 
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al 1995; Vasquez 2009).  Many of these are case studies that relate the occurrence of flash flood 

events to the mesoscale and synoptic environments in place at the time of initiation.  However, an 

overview of the basic ingredients required for heavy precipitation (which can lead to flash 

flooding) should be first and foremost, followed by a discussion on the mesoscale and synoptic 

situations associated with flash flood events.  The following information (sections 2.2.1 to 2.2.7) 

is taken from a paper by Doswell et al (1996). 

 

2.2.1  Basic Ingredients of Precipitation Formation 

Precipitation is produced by moist air that rises, either by way of convection or through 

some other form of lift, e.g. fronts, mountains etc.  When the temperature of this moist air reaches 

that of its dew point, net condensation occurs.  Heavy rainfall is associated with high precipitation 

rates.  Thus these rates, R, depend on both the amount of moisture available (mixing ratio, q) and 

the speed/rate of ascent, w.  Doswell et al. (1996) relate these in the mathematical equation:  

𝑅 = 𝑤𝑞             Eq. 2.1 

However, it is uncommon for the entire amount of moisture present to condense and fall as rain, 

thus precipitation efficiency, E, needs to be addressed, 

𝑅 = 𝐸𝑤𝑞.               Eq. 2.2 

Precipitation efficiency is simply the ratio of the mass of falling precipitation, mp, to the influx of 

moisture, mi:  𝐸 = 𝑚𝑝

𝑚𝑖
.  PE can also be defined as how efficient a thunderstorm is in converting 

water vapor into precipitation that reaches the ground.  Additionally, PE can have a value of zero 

(no precipitation occurring, such as during the early life cycle of a storm) or it can be infinite 

(when precipitation is ongoing from a dissipating system and water influx is zero)1. 

1  For additional information on precipitation efficiency and the factors that can influence it, consult 
Fankhauser (1988), Doswell et al. (1996), and/or Markowski and Richardson (2010). 
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 From the understanding that high precipitation rates result in heavy precipitation, the 

assumption can be made that flash flooding is most likely to occur during strong convective 

events when large values of E, w, and q, will likely be present.  This is not to say that flash flood 

events only occur with convection; however, the likelihood of such events increases with the 

presence of convective-based storms.  To produce heavy precipitation amounts, storms require 

deep, moist convection.  From atmospheric parcel theory this is attained only when an air parcel 

is forced to rise, the environmental lapse rate is conditionally unstable, and a rising air parcel 

reaches its level of free convection (LFC) (Doswell et al. 1996).  According to Doswell (1987), to 

attain the ascent rates needed for a parcel to reach its LFC, this must occur on a subsynoptic scale, 

such as the mesoscale.   

   While high precipitation rates can lead to an increased threat for flash flooding, other 

factors also need to be considered, such as the duration of heavy rainfall.  Those storm cells that 

have stationary characteristics or where repeated cells move over the same area repeatedly 

(training effect) can result in copious amounts of precipitation (Vasquez 2009) and likely result in 

some of the most hazardous flash floods (Chappell 1986).  Therefore, during convective events, 

forecasters should consider cell or system size, direction and speed, as well as precipitation 

intensity.  This brings us to the differences in storm types, each with their own considerations and 

characteristics that can result in flash flooding. 

 

2.2.2  Single-cell Convective Storms 

 While extremely common on summer afternoons across the southern Appalachians, 

single-cell storms are less likely to produce extreme precipitation amounts due to their limited 

lifetime and rapid shift from being updraft-dominant to primarily downdraft-dominant.  It is more 

likely that a number of such single-cell storms together in tangent (multicell) result in flash 

flooding (Doswell et al. 1996). 
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2.2.3  Mesoscale Convective Complexes 

 With favorable upper-level support, decaying multicell and supercellular storms over the 

lower Great Plains and Ozarks can be modified and transported over the southern Appalachians 

as mesoscale convective complexes (MCCs).  These storm systems appear on satellite images as 

large, circular cloud shields, whereas on radar, convection is seen as more or less linear with 

stratiform precipitation of moderate intensity occurring along the backside (Fritsch et al. 1986).  

High precipitation rates of short duration accompany the leading edge of the precipitation, which 

is then followed by a prolonged period of moderate precipitation which can increase the risk for 

flash flooding (Doswell 1994; Doswell et al. 1996).  MCCs can also form and traverse the same 

regions over a period of days or weeks, resulting in increasing flash flood risk with an increase in 

ground saturation after each event.  For information related to forecasting MCCs, see Corfidi et 

al. 1996 or Moore et al. 2003. 

 

2.2.4  Squall Lines 

 Squall lines occur when rain-cooled outflow from previous storms initiates new 

convection in a more or less linear fashion.  This can be enhanced by outflow from neighboring 

storms, as well as any existing boundaries.  The linear structure of these storms, when coupled 

with favorable atmospheric conditions, can result in training of storms over the same area 

repeatedly, increasing the risk for flash flooding (Doswell et al. 1996).  Knowing the speed and 

direction of movement of these storm systems is vital to forecasting flash flooding.  It should also 

be noted that the appearance of a squall line on satellite may or may not actually be a squall line 

on radar.  Linear features on satellite often reveal the location of synoptic scale fronts.   
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2.2.5  Multicell Convective Storms 

 Multicell storms are likely the most common type of severe storms across the southern 

Appalachians.  These storms propagate along the leading edge of rain-cooled outflow from a 

dying single-cell storm.  This outflow, known as a gust front, acts as a forcing mechanism 

resulting in the formation of new updrafts.  New storms can have a lifetime of 30 to 60 minutes 

each.  According to Doswell et al. (1996), the “degree of organization” of multicell storms is of 

vital importance when forecasting high precipitation amounts.  New storm cells that form over or 

near regions that have already received heavy rainfall can result in additional accumulations, 

which may lead to flash flooding if conditions are preferable.  Furthermore, those storms that are 

long-lasting and slow moving are a major contributor to flash flooding (Houze 2004). 

 

2.2.6  Supercell Convective Storms 

 Supercellular storms can result in flash flooding, among other hazardous weather events, 

due to the fact that their environment promotes the formation of strong updrafts.   The 

environment that supercells form in is may be rich in moisture as well; strong convective updrafts 

coupled with this available moisture can potentially result in high precipitation rates.  While 

typical “loaded gun” sounding supercells (Type I sounding from Miller 1972) may produce 

violent tornadoes, their tendency to drop prodigious precipitation amounts is limited by the dry 

air usually found in the lower mid-troposphere environment.  Low precipitation (LP) supercells, 

as their name suggests, result in little to no rainfall and thus no flash flooding.  However, high 

precipitation (HP) supercells can result in flash flooding (Moller et al. 1990; Doswell and Burgess 

1993; Moore et al. 1995) by overcoming low precipitation efficiencies.  These types of events are 

not uncommon and do occur across the southern Appalachians, primarily during the warm season 

(Giordano and Fritsch 1991).  The types of supercells observed in this region are generally 

classified as classic (CL) supercells or high precipitation (HP) supercells.    
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2.2.7  Nonconvective Precipitation Systems 

 Updraft forcing is a common occurrence across the southern Appalachians.  Here the 

orography allows air movement to quickly ascend, resulting in strong updrafts which cool and 

condense, leading to precipitation.  If this rapid ascent is strong enough and there is ample 

moisture present, high precipitation and flash flooding can occur over the high terrain.  There are 

problems at detecting these types of events on both radar and satellite as the cloud tops are of low 

heights and warm temperatures (compared to high heights and cold temperatures in convective 

situations) (Doswell et al. 1996).  Additionally, Barros and Kuligowski (1998) suggest that both 

windward and leeward orographic effects be examined when forecasting flash flooding.  This 

would include examining low-level wind speeds and direction along both windward and leeward 

sides of the mountains. 

 While many of the preceding storm types occur within the mesoscale environment, 

synoptic and storm-scale conditions should also be examined when forecasting high precipitation 

and flash flooding.  As noted by Maddox et al (1979), flash floods seem to frequent the ridge axis 

found at 500 hectopascals (hPa).  Heavy rainfall can be expected along areas two degrees of 

latitude west and three degrees latitude east of the coldest temperatures at the tropopause (Elliott 

1988).  Elliott (1988) also describes several criteria for forecasting heavy rainfall across the 

southeastern United States.  Land-falling tropical storms that move inland can also produce 

extreme precipitation amounts in a short period.  Konrad (1997) describes several synoptic 

situations that favor high precipitation events, such as lower-tropospheric veering, among others.   

 

2.3  Conclusion 

Several climatologies have been developed over the past few decades (Maddox et al. 

1979; Gaffin and Hotz 2000; Stonefield and Jackson 2009).  However, each varied across the 

16



spatial and temporal scales.  Maddox et al. (1979) analyzed flash flood events across the entire 

United States using data from 1973 to 1977 while both Gaffin and Hotz (2000) and Stonefield 

and Jackson (2009) reviewed events across much smaller regions and time scales.  However, each 

study concluded that flash flood events are most likely to occur during the warm season and 

during the afternoon and evening hours. Additionally, Doswell et al. (1996) describe in-detail the 

ingredients and favorable environments for the development of flash floods across the United 

States. 

There is a need to produce a climatology of flash floods that analyzes events after the 

modernization of the NWS and that spans a large portion of the United States or a physiographic 

region, i.e. an area with similar physical and climatic characteristics.  Ashley and Ashley (2008) 

found that flood- and flash flood-related deaths are more prominent in the eastern United States.  

Understanding the spatial and temporal distribution of flash floods in the past will allow scientists 

and forecasters to pinpoint regions of concern for flash flooding in the future.  Additionally, flash 

flooding is one of the most difficult aspects of forecasting (Maddox et al. 1979; Doswell et al. 

1996).  A discussion about some of the major atmospheric conditions favorable for flash flood 

development with local NWS offices will add additional information and will aid those 

unfamiliar with the region.  Furthermore, NWS input regarding areas of concern for flash 

flooding across their CWAs will help verify the findings of this climatology. 
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3.  DATA AND METHODOLOGY 
 
 
 

Flash flood data for this study was gathered from the National Climatic Data Center 

(NCDC) and was evaluated and checked for errors.  This data was then imported into ESRI’s 

ArcGIS where spatial analysis was conducted.  Microsoft Excel was also incorporated into the 

process which allowed for additional statistical calculations and graphing.  This methodology will 

discuss how ArcGIS and Excel were used, as well as define the extent of the study area, and most 

importantly, provide a definition for the term “flash flood.”   

 

3.1  Defining a Flash Flood 

While there are several ways to define what constitutes a flash flood, in 2007 the NWS 

and the NCDC defined such an event as:   

“Within six hours (often within one hour) of a causative event such as intense rain, dam 

break, or ice jam formation, one or more of the following occurs:  

• River or stream flows out of banks and is a threat to life or property. 

• Person or vehicle swept away by flowing water from runoff that inundates adjacent 

grounds.  

• A maintained county or state road closed by high water.  

• Six inches of fast-flowing water over a road or bridge. This includes low water 

crossings in a heavy rain event that is more than localized (i.e., radar and observer 

reports indicate flooding in nearby locations) and poses a threat to life or property.  
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• Dam break or ice jam causes dangerous out-of-bank stream flows or inundates normally 

dry areas creating a hazard to life or property.  

• Any amount of water in contact with, flowing into, or causing damage to a residence or 

public building as a result of above ground runoff from adjacent areas.  

• Three feet of ponded water that poses a threat to life or property.  

• Mud or rock slide caused by rainfall.  

• Flood waters containing a minimal amount of debris (mud, rock, vegetation) caused by 

rainfall. This could possibly occur in a burned area with only light to moderate 

rainfall.” 

 

This is the standard definition of a flash flood used for this research.  The focus is primarily on 

short-term heavy precipitation events which result in flash flooding.  Flood events (e.g. river 

floods) tend to have longer-term impacts lasting for several days or even weeks; these events will 

not be included due in part to differences in classification as well as areal coverage.  Any dam or 

levee breaks and any landslides that are the result of heavy precipitation have been included.  In 

producing their climatology of heavy rainfall events, Brooks and Stensrud (1999) associate flash 

flooding with high precipitation amounts greater than or equal to one inch per hour   

(≥1 in. h-1).  However, recent publications and climatologies such as Stonefield and Jackson 

(2009) use the NWS definition as described above.  This is an attempt to narrow down what 

constitutes a flash flood across the entire United States using a qualitative rather than quantitative 

approach.  While ≥1 in. h-1 rates may result in flash flooding in some locations, other areas may 

see flooding at rates less than this.  This research will follow the NWS definition since flash flood 

records in Storm Data are standardized by this methodology. 
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3.2  Study Area 

The “southern Appalachians” are defined here as those mountainous areas south of the 

Mason-Dixon Line (approximately 39.7° N) which are found within the Appalachian Highlands 

physiographic division, namely the Appalachian Plateau, Valley and Ridge, and Blue Ridge 

provinces; this does not include the Piedmont province due to its lowland characteristics and lack 

of mountainous terrain (Fig. 3.1).  These provincial divisions are currently used by the United 

States Geological Survey (USGS) to define areas with similar geomorphology and are based on 

the works of Fenneman (1917).   

Information within Storm Data is organized on a state and county level, thus those 

counties which are located within the aforementioned provinces provide the extent of the study 

area.  This includes peripheral counties which may have a portion of their total area found within 

the Appalachian Plateau, Valley and Ridge, and/or Blue Ridge provinces.  In total, 266 counties 

and 14 independent cities are considered part of the southern Appalachians, their extent shown in 

Figure 3.1, representing an area of approximately 260,164 square kilometers (100,449 square 

miles).  This includes portions of ten states:  Alabama, Georgia, Kentucky, Maryland, North 

Carolina, Ohio, South Carolina, Tennessee, Virginia, and West Virginia.  Additionally, there are 

several NWS WFOs across the region.  Figure 3.2 shows the extent, or County Warning Area 

(CWA), of each office that provides forecasts for portions of the southern Appalachians, along 

with the office’s three-letter identifier. 

 

3.2.1  Landscape and Topography 

 The front range of the southern Appalachian Mountains is delineated by a quick rise in 

elevation known as the Blue Ridge (Fig. 3.3).  These mountains rise from less than 150 meters 

(429 feet) in the east to just over 2,000 meters (6,562 feet) in the central and western sections of 

the province.  The Blue Ridge encompasses the highest elevations in eastern North America 

20



 

Figure 3.1.  Cities, counties, states, and the physiographic provinces (excluding the Piedmont) of 
the Appalachian Highlands south of 39.7° N.   
 

 

Figure 3.2.  National Weather Service Weather Forecast Offices and their respective County 
Warning Areas across the southern Appalachians.   
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Figure 3.3.  Digital Elevation Model (DEM) highlighting the diverse topography of the southern 
Appalachian Mountains and surrounding regions.  Higher elevations are shown in dark red (above 
1,000 meters) while low elevations are shown in green.     

 

(Fig. 3.4 A).  This includes mountains such as Mount Mitchell in western North Carolina at an 

elevation of 2,037 meters (6,683 feet) and Clingman’s Dome in eastern Tennessee at 2,025 

meters (6,644 feet).  Portions of the eastern U.S. Continental Divide follow ridgelines along the 

Blue Ridge which leads to varied stream and river flows across the area; water networks along 

and to the east of the divide flow toward the Atlantic Ocean while those to the west of the divide 

flow toward the Mississippi River and Gulf of Mexico.  During certain weather events with low 

level flow from the east, the front range can experience enhanced upslope flow leading to heavy 

precipitation events.  Further to the west, the Valley and Ridge province is characterized by long, 
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Figure 3.4.  Terrain and topography of the three physiographic provinces of the Appalachian 
Highlands.  A) The Blue Ridge province in southern Pulaski County, Virginia, image by A. 
Phillips, copyright 2010; B) The Valley and Ridge province near Bristol, Tennessee, image by 
Bantosh, GNU Free License; C) The Appalachian Plateau province at the New River Gorge 
Bridge near Fayetteville, West Virginia, image by Gabor Eszes, GNU Free License.   

 

parallel mountain ranges with wide, continuous valleys in between (Fig. 3.4 B).  The largest 

population centers are located in this area, including cities such as Harrisonburg, Virginia; 

Roanoke, Virginia; Knoxville, Tennessee; and Birmingham, Alabama.  Elevations in this 

province extend from just below 100 meters (328 feet) in northern Alabama to near 700 meters 

(2,297 feet) in southern West Virginia.  An escarpment forms the eastern edge of the Appalachian 

Plateau and marks the boundary with the Valley and Ridge province.  The Appalachian Plateau is 

characterized by elevations ranging from just above 200 meters (656 feet) in southwest Ohio to 

over 700 meters (2,297 feet) in central West Virginia (Fig. 3.4 C).  A decrease in elevation 

generally occurs from southeast to northwest as the plateau begins to merge indiscernibly with the 
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Interior Plains.  Sandstone and limestone outcroppings and bluffs occur throughout this province, 

and as such, underground caverns are quite common in this area.  Cities and towns are located 

along small streams or rivers in the region, generally between mountain ridges.  The hazard of 

steep, mountainous terrain increases the risk of flash flooding across this area.   

From DEM data (Fig. 3.3), mean percent slope was calculated for each county and city in 

the southern Appalachians (Fig. 3.5).  Percent slope, or percent grade, is a measure of the amount 

of inclination that a surface has from the horizontal.  Taking the mean, or average, percent slope  

 

  

Figure 3.5.  Mean percent slope per county and independent city across the southern 
Appalachians.  Counties in green have gentle, rolling slopes while those counties in orange or red 
have steep terrain. 

 

24



from each DEM cell across each county reveals areas of steep terrain verses areas of rolling or 

relatively flat terrain.  This provides an overview of where steep terrain can be found and is useful 

in determining how steep terrain actually is.  From Figure 3.5, the steepest terrain in the southern 

Appalachians is located in eastern Kentucky, southwest West Virginia, and far western North 

Carolina.   

Much of the southern Appalachians are forested.  A map of land use across the region 

from 2001 shows much of the Appalachian Plateau belonging to deciduous forest with only the 

highest elevations having coniferous tree growth (Fig. 3.6).  Pasture and hay crops are present  

 

  

Figure 3.6.  National Land Cover Database (NLCD) from 2001 indicating the type of land use 
ongoing at that moment in time across the southern Appalachians.   
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across much of the Valley and Ridge province (further evidenced by Figure 3.4 B).  Further to the 

northwest and outside of the study area, cultivated crops replace pasture as the dominate farming 

method.  As with areas across the Appalachian Plateau, the Blue Ridge province is also heavily 

forested, mainly in the southern and central regions of the southern Appalachians.  Urban centers 

are also visible, especially across the southern counties in Tennessee and Alabama.  While land 

use varies from year to year, much of the region has remained unchanged over the 15 year period 

of this study.  The 2001 National Land Cover Database (NLCD) was used as it was the database 

produced closest in time to the median year of this study, 2003. 

 

3.2.2  Demographics  

 Using data from the decadal U.S. Census, the total population of the southern 

Appalachians was calculated to be 12,818,262 in the year 2000.  The 2000 census data was used 

since that data was closest to the median year of 2003.  The largest populations are centered near 

the larger regional cities such as Hagerstown, Maryland; Spartanburg, South Carolina; and 

Huntsville, Alabama (Fig. 3.7).  These counties have populations greater than 100,000 people; the 

most populous county across the study area is Jefferson County, Alabama which is home to the 

city of Birmingham.  Many of the least populated counties are found in Virginia, Kentucky, and 

Tennessee.  Here, populations range from around 2,500 to just over 5,000 per county; Highland 

County, Virginia has the lowest population in the southern Appalachians with only 2,536 

residents.  Even more beneficial is a map of population per square kilometer (Fig. 3.8).  This 

reveals the true population density across the region, with over half of the southern Appalachians 

having fewer than 50 people per square kilometer.  While most cities across the region have their 

population lumped with the adjacent home county, Virginia independent cities have their own 

census designation and consequently their own population values which are excluded from the 
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Figure 3.7.  Year 2000 population for each county and independent city across the southern 
Appalachians. 

 

Figure 3.8.  Population (per square kilometer) in 2000 for each county and independent city.  
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adjacent county population statistics.  Therefore, as shown in Figure 3.8, these cities have the 

highest population densities anywhere across the southern Appalachians.  This should not 

outweigh the fact that other cities in the southern Appalachians have high population densities, as 

they do, but their residents are considered part of the adjacent county which has a much larger 

geographical extent.   

According to the results of this study (discussed in Chapters 4 and 5), flash floods occur 

most frequently in areas of West Virginia, eastern Kentucky, and western Virginia.  As evidenced 

by previous figures, these areas are mostly rural and are sparsely populated; however, residents of 

those counties often construct homes and businesses along streams and rivers at the base of 

mountains with mean percent slopes greater than 25 percent.  The combined human and 

environmental situations present greater risk to residents in the event of a flash flood.  Narrow 

hollows and valleys at the foot of steep mountain slopes help to funnel precipitation into small 

streams and rivers, resulting in quick hydrologic responses.  This in turn can lead to flash floods 

that pose a significant hazard to residents and can wipe out infrastructure, homes, and businesses 

in a matter of minutes.  Couple the possibility of damage to homes and businesses with low 

income values and the effect a single flash flood can have on nearby residents is enormous.   

 

3.3  Storm Data 

 Severe storm reports are received by each NWS WFO from a variety of sources, which 

include but are not limited to:  county, state, and federal emergency management officials, local 

law enforcement, Skywarn spotters, NWS damage surveys, and the general public.  Every effort 

is made to validate storm reports at the local NWS office and only those reports that are 

confirmed (i.e., verified) are included in the monthly storm report that is sent to the NCDC.  The 

following is an excerpt from the Storm Data Disclaimer provided by the NCDC (2011):   
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“Storm Data is an official publication of the National Oceanic and Atmospheric 

Administration (NOAA) which documents the occurrence of storms and other 

significant weather phenomena having sufficient intensity to cause loss of life, 

injuries, significant property damage, and/or disruption to commerce…Some 

information appearing in Storm Data may be provided by or gathered from 

sources outside the National Weather Service (NWS), such as the media, law 

enforcement and/or other government agencies, private companies, individuals, 

etc. An effort is made to use the best available information…” 

Monthly storm reports are sent from local forecast offices to the NCDC approximately 60 

to 90 days after the end of the data month.  From here the information is provided online through 

the Storm Data website (http://www.ncdc.noaa.gov/stormevents/).  The NCDC lists reports by 

county, location within the county, and the beginning and ending times of the event.  It also lists 

the number of injuries and fatalities associated with the event and the total damage incurred to 

both property and crops (in USD).  The Storm Data database has been used by many researchers 

for producing climatologies of severe storms in the recent past (Gaffin and Hotz, 2000; Dobur 

and Noel, 2005; Ashley and Ashley, 2008). 

 

3.3.1  Data Collection, Transformation, and Quality Control 

Although the online database of storm events is useful for researching individual 

episodes, evaluating flash flood reports over several states and several years required obtaining all 

of this data in one single file.  Therefore, a Microsoft Excel spreadsheet was requested in an email 

sent to the NCDC and was later obtained by File Transfer Protocol (FTP) from Stuart Hinson, a 

meteorologist in the Climate Services Division in mid-2011.  This shortened the time required to 

gather information about each flash flood event that occurred over the study area and allowed for 

easy manipulation and analysis of the data.   
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Only those reports listing an event as “flash flooding” or as a “flash flood” from the 

period of January 1, 1996 to December 31, 2010 were used from the database and considered for 

this research.  The timeframe chosen reflects the modernization of the NWS in the mid-1990s 

when there was an increased emphasis on the verification of storm events.  Those events prior to 

1996 may or may not have been verified by the local forecast office, thus they were not 

incorporated into this climatology.   

Some flash flood reports did not include latitude and longitude data, especially the older 

reports from the 1990s.  For such events, the nearest town or community name (which is always 

included in Storm Data) was used as the beginning flash flood location.  It is important to note 

that events that occurred across the independent cities of Bedford and Roanoke, Virginia, were 

combined with events across the counties of Bedford and Roanoke, Virginia.  This could not be 

avoided since Storm Data does not specify whether or not the event occurred over the city or 

county, so all events across these two locations were lumped into their respective county.   

Several online applications exist that allow users to input a city and state name, then the latitude 

and longitude for that location is provided; this data was then transferred into the beginning 

latitude and longitude fields in Excel for the appropriate flash flood report.  Those events listing 

the location as “countywide” (or some similar wording) were given a latitude and longitude 

measurement at the mean center point of the county.  Since only an analysis at or above the 

county levels was conducted, this resulted in no distortion and does not affect the outcome of the 

results.   

For the purpose of this climatology, multiple events with the same time, date, and 

location were considered a single event.  This is the result of quality control as several of the 

events listed in the database are duplicates, having the same date and time as well as the same 

location.  Thus, these events were consolidated into one event to discourage any bias by having 

multiple events on the same day and time at the same location.  Furthermore, only those events 
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that occurred in the states which make up portions of the southern Appalachians were kept in the 

database.     

The database contained 4,938 unique flash flood reports and included fields on “month,” 

“year,” “time,” and “Event_Type.”  The “time” column was a conversion of the beginning time of 

the event into the local, 24-hour time format.  “Event_Type” represents the magnitude of the flash 

flood event on a five-level scale known as the Flood Severity Index (FSI).   First derived by 

Stonefield and Jackson (2009) at the Blacksburg NWS WFO, it categorizes each flood or flash 

flood on a scale from FS1 to FS5 (Table 3.1).  Since each flash flood report lists the total amount 

of property damage incurred, this data was used to determine what FSI rating to assign to each 

individual event.  Flash flood events that resulted in little to no damage were categorized as an 

FS1, or nuisance event; floods resulting in up to $100,000 in damage were considered a minor 

(FS2) event.  Damage estimated between $100,000 and $500,000 was the result of an FS3, or  

 
Table 3.1.  Flood Severity Index (FSI)   

FSI Identifier Flood Category NWS Event Description Damage Cost 

FS1 Nuisance Few road closures, creeks and streams 
out of their banks.  

Minimal damage: 
$0 

FS2 Minor 
Numerous road closures, numerous 
creeks and streams flooding, basement 
flooding, mudslides.  

Light damage:  
<$100K 

FS3 Moderate Some rescues, evacuations, few 
houses/businesses flooded.   

Considerable 
damage:  $100K-
<$500K 

FS4 Severe 
High threat to life/property, several 
rescues, evacuation of and/or damage to 
several homes/businesses. 

Major damage:  
$500K-<$2M 

FS5 Catastrophic 
Very high threat to life/property, 
numerous rescues, evacuations of and/or 
damage to homes/businesses. 

Catastrophic 
damage:  ≥$2M 

Table 3.1.  Flood Severity Index used to classify flash flood severity. 

31



moderate event, while a flash flood that produced between $500,000 and $2,000,000 in damage 

was labeled severe (FS4).  Any event that resulted in over two million dollars in damage was 

categorized as a catastrophic (FS5) event.  It should be noted that this index does not take into 

account inflation, but since this climatology covers only fifteen years, the effects of monetary 

value change between years should be minimal. 

The Excel spreadsheet of flash flood events was then imported into ArcMap in table 

format.  From here, the table was exported to a file geodatabase and the flash flood latitude and 

longitude was plotted using the “Display XY Data” option in ArcMap.  It is important to note that 

the beginning latitude and longitude for each flash flood was used as this represents where the 

flash flood originated.  Displaying the XY data provided a point shapefile of the flash flood 

reports from the NCDC for the fifteen year period.  Since only those reports found within the 

states of the southern Appalachians were initially included in the Excel file before import into 

ArcMap, the number of flash flood points plotted has been limited to only those states in the 

southeast U.S.  The extent of the study area defined in Section 3.2 includes 266 counties and 14 

independent cities in the southern Appalachians as a shapefile in ArcMap.  This shapefile 

included information on population, housing units, and income which was gathered from the U.S. 

Census Bureau.  It also included the mean percent slope for each county and independent city in 

the southern Appalachians.  Only those flash floods which occurred within the extent of this 

shapefile were selected using the “Select by Location” tool.  This selection was then exported as a 

new point shapefile named “Flash Flood Reports” and is the basis for all spatial analysis within 

ArcMap and Microsoft Excel (Fig. 3.9).  Additional analysis of the flash flood reports was 

undertaken in Excel using the file mentioned above; that process is described in Section 3.3.3. 

 

3.3.2  Spatial Analysis 

 The spatial join feature in ArcMap allows each flash flood report to be appended to one 
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Figure 3.9.  Each of the 4,938 unique flash flood reports plotted by latitude and longitude across 
the southern Appalachians.  Note that some flash floods occurred at the same latitude and 
longitude at different times, resulting in the appearance of only one single point at that location.  
Elevation for the region is also shown. 

 

of the 266 counties or 14 independent cities of the southern Appalachians.  In doing so, ArcMap 

has the ability to summarize this appended data and display the result for each county or city.  

The option also exists for data to be normalized using such information as county population or 

county area.  For example, the number of flash flood reports was calculated and mapped per 

county but was also normalized per county population density (persons per square kilometer).  In 

this example, this allowed for the data to be normalized showing areas of more or less frequent 

flash floods without the influence of population skewing the result.  It is possible and highly 
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likely that with increasing population the likelihood of verifying a flash flood report also 

increases since there are more residents that might have witnessed the event.   

The following information was calculated using the spatial join feature for each county and 

independent city with some data having been normalized (indicated by an asterisk *): 

 

 Number of events per county 

 Number of events per square 

kilometer* 

 Number of events per county 

population* 

 Mean number of events per year 

 Fatalities per county 

 Fatalities per county population* 

 Injuries per county 

 Injuries per county population* 

 Total damage incurred 

 Total property damage incurred 

 Total crop damage incurred 

 Number of events per county per 

year 

 Number of events per county per 

month 

 Number of FS1, FS2, FS3, FS4, and 

FS5 events per county 

 Fatality explanations

 

Further analysis was completed using the flash flood reports point shapefile and the 

Spatial Statistics Toolbox in ArcMap.  Several statistical tests were conducted to analyze the 

relationships of flash flood events to other variables, such as mean percent slope and the number 

of fatalities in a certain region.  Simple statistics such as distributions and ratios compare events 

to county population, fatalities and injuries per county, flood severity vs. fatalities, etc.  The 

following spatial statistics were explored using ArcMap: 

 
 Hot spot analysis (Getis-Ord Gi*) 

 Cluster and Outlier Analysis (Anselin Local Moran’s I) 
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 Point density 

 

The hot spot analysis weighs features (i.e. flash floods) and identifies statistically 

significant hot and cold spots of flash flooding using the Getis-Ord Gi
* statistic.  This will show 

geographically regions where flash floods occur more or less frequently, specifically showing 

locations of high occurrences of flash floods in proximity to other high occurrences or vice versa.  

The statistic is given in Equation 3.1 where xj is the number of events (flash floods) per county in 

feature j, wi,j is the spatial weight between flash floods, and n is the total number of flash floods 

(ESRI 2010).   

 

𝐺𝑖∗ =
∑ 𝑤𝑖,𝑗𝑥𝑗−𝑋 � ∑ 𝑤𝑖,𝑗

𝑛
𝑗=1

𝑛
𝑗=1

𝑆
��𝑛∑ 𝑤2𝑖,𝑗−�∑ 𝑤𝑖,𝑗

𝑛
𝑗=1 �

2𝑛
𝑗=1 �

𝑛−1

                            Eq. 3.1 

 
Spatial relationships between the number of flash floods per county were conceptualized 

based on the “Fixed Distance Band” within the Hot Spot Analysis tool.  This results in the 

number of flash floods per county being analyzed within the context of neighboring flash floods 

per county.  Additionally, the Euclidean distance method was used in the calculation to determine 

the straight-line (as the crow flies) distance between each county’s mean center.  The Manhattan 

method was not considered since most roads and streams, as well as county boundaries across the 

southern Appalachians, do not follow a rigid structure or layout similar to the Public Land Survey 

System (PLSS). 

The Gi
* statistic results in a z-score for each county and identifies locations where flash 

floods cluster spatially with high or low values.   Thus, the larger the z-score, the more intense the 

clustering of high values of flash floods per county.  The smaller the z-score, the more intense the 

clustering of low values of flash flooding per county.    A z-score of less than -1.65 or greater 
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than +1.65 represents a confidence level of 90 percent, a z-score of less than -1.96 or greater than 

+1.96 has a confidence level of 95 percent, and a z-score less than -2.58 or greater than +2.58 

represents a confidence level of 99 percent (ESRI 2010). 

Using the cluster and outlier analysis tool, statistically significant hot and cold spots of flash 

flooding, as well as spatial outliers, were identified.  The tool uses the Local Moran’s I statistic 

which is given in Equation 3.2 as: 

 

𝐼𝑖 = 𝑥𝑖−𝑋�

𝑆2𝑖
  ∑ 𝑤𝑖,𝑗�𝑥𝑗 − 𝑋��𝑛

𝑗=1,𝑗≠𝑖                                Eq. 3.2 

 
where xi represents the number of events (flash floods) per county in feature i, 𝑿� is the mean of 

the corresponding attribute (flash floods), wi,j is the spatial weight between flash floods, and n 

represents the total number of flash floods.  Spatial relationships between the number of flash 

floods per county were conceptualized based on an “Inverse Distance” within the Cluster and 

Outlier Analysis tool.  This results in nearby flash floods having a larger influence in the 

computations than features that are farther away.  As with the Gi
* statistic, the Euclidean distance 

method was used in the calculation to determine the straight-line distance between each county’s 

mean center (ESRI 2010). 

The point density function was also used to analyze the density of flash floods per square 

kilometer across the southern Appalachians using the raw flash flood reports shapefile.  A radius 

of 20.1 km (12.5 miles) was selected and provides a map of where flash floods are concentrated 

on a sub-county level at a 1 km resolution.  This radius length was chosen since it best represents 

the average distance between major towns or cites across the region. 

Each map produced in ArcGIS for this study is based on a Universal Transverse Mercator 

(UTM) coordinate projection and the North American Datum (NAD) 1983 Zone 17 North.   
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3.3.3  Statistical Analysis 

 While spatial analysis is helpful in our understanding of flash floods, further statistical 

information can be gleaned from the raw data itself within Microsoft Excel (for example, an 

analysis of the frequency of events per time of day).  Stonefield and Jackson (2009) included this 

type of information in their local climatology of flash floods with evenly spaced time periods of 3 

hours starting at midnight and using the initial starting time of each flash flood event.  Each flash 

flood event was analyzed based on the time of day it occurred and then graphed using 1-hour time 

increments.  The types of flash flood fatalities and injuries may be of interests as well, for 

example, did more flash flood fatalities occur in vehicles or in homes across the southern 

Appalachians?  Summaries of the number of events per year and per month have also been 

included; additionally included were the number of fatalities and injuries per month and per year.  

Using the FSI created by Stonefield and Jackson (2009), the frequencies of these events occurring 

per year, month, and hour have also been examined for the entire region.   

 

3.4  Flash Flood Discussion with Local Weather Forecast Offices 

 Although the primary end product of this research is an abbreviated climatology of flash 

floods, understanding how and why these events develop and transpire across the region is also 

extremely important.  Each WFO that serves the southern Appalachians was contacted by 

electronic mail and operational forecasters were asked if they could provide any insight on the 

occurrence of flash floods across their mountainous forecast zones.  Each email included the 

following three questions: 

1) Do you know of specific areas that are more (or less) prone to flash flooding? 

2) Do reports of flash flooding seem to originate from certain locations (cities, mountain 

ranges, etc.)?   
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3) Are certain atmospheric or environmental conditions more favorable for the development 

of flash floods across your CWA?  Specifically, are there any synoptic or mesoscale 

setups that you look for and associate with flash flooding?   

 
Expert knowledge from meteorologists and hydrologists across the southern Appalachians 

will help in determining which areas are prone to flash flooding and what environmental and/or 

atmospheric conditions are more (or less) favorable for the development of heavy rain producing 

storms. 

While several climatologies on flash flooding have been produced over the last decade, none 

have been conducted on a larger regional scale than that of an individual WFO CWA.  This study 

uses similar methods but encompasses a much larger area of approximately 260,164 square 

kilometers.  Additionally, several new spatial analyses, such as Cluster and Outlier Analysis in 

ArcGIS have been conducted.  The previous methodology should provide future researchers with 

enough information to reproduce a similar study across another region in the United States.   
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4.  RESULTS PART I:  AN ABBREVIATED CLIMATOLOGY 
 
 
 

There were a total of 4,938 documented flash flood reports across the southern 

Appalachian Mountains from January 1, 1996 to December 31, 2010.  Using the information 

associated with each of these events, a comprehensive climatology was constructed detailing both 

the spatial and temporal distributions and frequencies of these reports across the study area.  This 

includes county-by-county distributions as well as annual, monthly, and hourly frequencies of 

these events.  Statistical analysis has revealed regions of higher flash flood frequencies, or hot 

spots, especially across portions of West Virginia and Kentucky.  Flash floods were also 

categorized by severity using the Flood Severity Index (FSI) then mapped spatially and analyzed 

temporally.   

 

4.1  Spatial Distribution of Flash Floods 

 Flash flooding has occurred across all 266 counties in the southern Appalachians       

(Fig. 4.1).  The greatest number of flash flood events was concentrated over Kentucky, Virginia, 

and northern Alabama while areas across eastern Tennessee and northern Georgia reported fewer 

than 19 flash floods per county between 1996 and 2010.  Using the individual flash flood reports 

plotted in Figure 3.9, a density map was constructed to analyze the number of flash floods per 

square kilometer (Fig. 4.2).  This density map has a resolution of 1 km with each flash flood 

report given a radius of 20.1 km (12.5 mi).  This interval was chosen since it best represents the 

distance between most small towns in the southern Appalachians.  While the numerical values 
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Figure 4.1.  Total number of flash flood events per county and independent city across the 
southern Appalachians between 1996 and 2010.   

 

shown are quite low, the focus should be on the increasing frequency of flash flooding as values 

increase.  The number of flash floods per square kilometer indicates that areas in eastern 

Kentucky and western Virginia experienced a greater number of flash flood events than other 

areas of the southern Appalachians.  While this analysis does not take into account population, 

some of the highest densities occur near cities and towns across the region.  Three of the five 

counties with the greatest number of flash floods have sizeable population densities:  Madison, 

Alabama; Jefferson, Alabama; and Roanoke, Virginia, thus signifying primarily urban or 

suburban land use.  Urban areas with their impermeable surfaces and engineered structures often 

have significantly more reports of flash flooding.  Additionally, with higher population densities, 
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Figure 4.2.  Flash flood density per square kilometer across the southern Appalachians.   

 

flash floods are unlikely to be unnoticed; the greater the population, the greater the chance of 

each flash flood occurrence being reported.  Whereas in rural areas, some isolated flash floods are 

likely to go unnoticed and likewise unreported, even though an event did occur.   

The number of flash flood events was normalized using population density (residents per 

square kilometer) to provide a less biased (toward population or area) analysis of flash flooding 

per county across the southern Appalachians (Fig. 4.3).  Higher concentrations of flash floods are 

located across the Potomac Highlands near the Virginia-West Virginia border.  While this area is 

sparsely populated, there were several reports of flash flooding to occur during the fifteen-year
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Figure 4.3.  Normalized total number of flash floods per county and independent city across the 
southern Appalachian Mountains from 1996 to 2010.  Number of events per county was 
normalized with regards to county population per square kilometer. 

 

period.  There is also a second area of higher occurrence across eastern Kentucky.  In both 

locations, the topography of the region likely has a major impact on the development of flash 

flooding.  These areas encompass steep terrain (Fig. 3.5) which results in runoff quickly flowing 

into mountain streams and an increase in the possibility of flash flooding.   

 Using ArcGIS, areas of concentrated flash flooding per county were identified using the 

Getis-Ord Gi* Hot Spot Analysis tool.  This analysis tool weighs features (i.e. flash floods) and 

identifies statistically significant hot and cold spots of flash flooding using the Getis-Ord Gi
* 

statistic described in Chapter 3.3.2.  Figure 4.4 indicates two main areas of statistically significant 
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positive z-score values:  one near the Potomac Highlands along the Virginia-West Virginia 

border, and the other along the Appalachian Plateau in eastern Kentucky.  This implies that a 

greater occurrence of flash floods was grouped, or clustered, in those two areas according to data 

from 1996 to 2010.  Likewise, a clustering of low flash flood occurrence, although somewhat 

more diffuse, has been identified across eastern Tennessee and northern Georgia.  Figure 4.4 is 

comparable to Figure 4.3 but the Gi
* statistic filters out less significant flash flood events in 

counties that show little or no spatial correlation between neighboring counties.  It is important to 

note that the Gi
* statistic and resulting Hot Spot Analysis map shown in Figure 4.4 are based at 

the county-level.   

 

  

Figure 4.4.  Hot Spot Analysis of flash floods per county. Flash floods per county were 
normalized with regards to the county population per square kilometer.   
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 Similar to the Hot Spot Analysis, the Cluster and Outlier Analysis (Anselin Local 

Moran’s I) identifies statistically significant hot spots, cold spots, and spatial outliers (Fig. 4.5).  

Areas shown in red indicate that there is a statistically significant (0.05 level) cluster of high rates 

of flash flooding while counties/cities shown in green are shown to have a statistically significant 

(0.05 level) cluster  of low rates of flash flooding.  Statistically significant (0.05 level) spatial 

outliers are also indicated:  counties in orange report high values of flash flooding but are 

somewhat surrounded (spatially) by counties with low values of flash flooding while counties in 

yellow report low values of flash flooding but are surrounded by counties with high values.  The 

same locations identified in Figure 4.4 as regions having significantly high and low reports of  

 

   

Figure 4.5.  Cluster and Outlier Analysis of flash floods per county. Flash floods per county were 
normalized with regards to the county population per square kilometer.   
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flash floods are also identified in Figure 4.5, with a few exceptions.  In conclusion, in taking into 

consideration both county population and area, a greater number of flash floods reports were 

concentrated across the Potomac Highlands (east-central West Virginia) as well as portions of 

eastern Kentucky.   

 

4.1.1  Injuries and Fatalities 

 From 1996 to 2010 there were 64 injuries and 71 fatalities reported due to flash flooding 

across the southern Appalachians.  The number of injuries per county during this time period 

varied spatially across the region (Fig. 4.6).  Transylvania County in southwest North Carolina 

reported the highest number of injuries with ten.  Other counties with high injury rates included 

Shenandoah County, Virginia (6 injuries); Marshall County, Alabama (4); and Scioto County, 

Ohio (4).  An analysis of the number of fatalities due to flash flooding shows a much different 

picture (Fig. 4.7).  Fatality reports are clustered across the northern sections of the study area, 

especially across West Virginia and eastern Kentucky.  This is likely due to the terrain influences, 

flash flood severity, and/or inadequate preparedness on the part of citizens in this region.  Small 

drainage basins and steep terrain are the norm across this portion of the southern Appalachians, 

thus flash floods can occur quickly without warning.  Six fatalities were reported across Frederick 

County, Maryland while Kanawha County, West Virginia reported five, and Lewis and Pike 

counties in Kentucky reported four each.   

A study on the explanations of each individual fatality revealed that 27 deaths (38 

percent) occurred when residents were knocked off their feet, swept downstream, and later 

drowned (Fig. 4.8).  Many of these fatalities occurred when citizens, especially young children 

and adolescents, were allowed to enter swollen creeks and streams to frolic in the water.  Of the 

71 total fatalities, 21 (29 percent) were vehicle related; either an automobile or an All-Terrain 

Vehicle (ATV) was involved in the reported death.  This included ten deaths (14 percent) that  
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Figure 4.6.  Number of injuries reported due to flash flooding from 1996 to 2010.   

 

 

Figure 4.7.  Number of fatalities reported due to flash flooding from 1996 to 2010.   
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Figure 4.8.  Reported explanations for fatalities resulting from flash flooding across the southern 
Appalachians from 1996 to 2010.   

 

occurred when the vehicle was swept downstream while the driver/occupant(s) were not trying to 

cross a bridge or ford swollen water.  Eight (11 percent) vehicle-related fatalities occurred when 

the occupant(s) were attempting to cross a bridge when either the bridge collapsed, the car stalled, 

or the bridge simply was not there to begin with.  Another three fatalities (4 percent) occurred 

when vehicle operators simply drove into the swollen creek or stream and drowned either inside 

or after escaping their vehicle.  The majority of fatalities (71 percent) were non-vehicle related in 

nature.  Of these 50 fatalities, the majority (27 fatalities or 38 percent) occurred when residents 

were simply swept away (discussed earlier) and several (10 fatalities or 14 percent) were not 

explained in detail enough to reliably determine the cause of death.  Seven deaths (10 percent) 

occurred when residents were fleeing flash flood conditions and seeking safe shelter while four 

fatalities (6 percent) occurred due to the structural failure of the resident’s dwelling.  With the 

exception of one fatality (an older resident who refused to leave their home), these deaths may 

have occurred when the resident(s) were unaware of dangerous conditions outside.   
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4.1.2  Monetary Damage 

 With steep mountain slopes and poor soil conditions, the southern Appalachians offer 

little in the way of grain and seed crop agriculture (i.e., corn, soybeans, wheat, etc.).  As shown 

earlier in Figure 3.6, only a very small portion of the region is considered cultivated cropland 

according to the National Land Cover Database of 2001.  There are extensive hay and other 

forage crops, as well as dairy and cattle farming, especially across the Valley and Ridge province.   

Therefore, damage to crops by flash flooding can be expected to be significantly less than damage 

to property, such as homes and businesses.  One hundred and ninety-four counties and 13 

independent cities across the southern Appalachians reported no crop damage from flash flooding 

between 1996 and 2010 (Fig. 4.9).  Those counties and cities that did sustain crop damage were 

limited to the extreme northern and southern portions of the region with only a few counties 

across the central southern Appalachians reporting damage.  Crop damage was estimated at 

$28,157,000 for the fifteen year period.   

 However, property damage incurred due to flash flooding was estimated to be 

$1,035,237,900 between 1996 and 2010 across the region.  253 counties and ten cities reported 

various amounts of damage to property from flash flooding.  Some of the hardest hit areas were 

West Virginia and southeastern Tennessee (Fig. 4.10)1.  These areas, especially across West 

Virginia, have low median income values which makes reconstruction after a damaging flash 

flood event particularly difficult for area residents.  Many of these same areas are also counties 

where significant and even catastrophic flash flooding has occurred (discussed later), most 

notably in Kanawha and Logan counties in south-central West Virginia and Hamilton County in 

southeastern Tennessee.   

 

1  The classification scheme used in creating the choropleth maps of crop and property damage (Fig. 4.9 
and 4.10, respectively) is the Jenks optimization method, or natural break classification. 
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Figure 4.9.  Spatial distribution of damage to crops by flash flooding across the southern 
Appalachians between 1996 and 2010. 
 

 

Figure 4.10.  Spatial distribution of property damage by flash flooding across the southern 
Appalachians between 1996 and 2010. 
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4.2  Annual Frequency and Distribution 

 A year-by-year or annual analysis of flash floods includes both the spatial distributions 

and temporal frequencies of these events across the southern Appalachians.  Localized annual 

patterns of flash flooding are clearly evident at the spatial scale while additional incidence 

analysis has revealed some connections between years with low frequencies of flash flooding and 

years of drought.  Annual injuries and fatalities as well as crop and property damage per year 

have also been analyzed.   

 

4.2.1  Events per Year 

 The number of flash flood events per year varied dramatically across the southern 

Appalachians (Fig. 4.11).  Of 4,938 events, the mean number of flash floods for the fifteen year 

climatology was 329.2 and the median was 281.  Annual reports ranged from a low of 83 (2 

percent) in 2007 to a high of 792 (16 percent) in 2003.  The year 1996 had the second highest  

 

 

Fig. 4.11.  Flash flood events per year across the southern Appalachians from 1996 to 2010.  The 
median value (281) is shown by the bold line. 
 

0
100
200
300
400
500
600
700
800
900

Ev
en

ts
 

Year 

Event Frequency (1996-2010) 
Flash Flood Events per Year 

50



number of flash flood reports with 552 (11 percent) while 1999 had the second lowest number of 

reports with only 119 (2 percent).  According to the U.S. Drought Monitor, portions (>25 percent) 

of the southern Appalachians were in a moderate (D1) to exceptional (D4) drought during the 

years of 1999 to 2001, 2007, and 2008.  Table 4.1 provides an overview of the drought years 

across the southern Appalachians between 1996 and 2010. 

 

Table 4.1.  Years of Extreme or Exceptional Drought (1996-2010) 

Drought Year Flash Floods States/Areas Impacted 
1999 119 Entire southern Appalachians 

2000 281 Northern Alabama, northern Georgia 

2001 344 Western North Carolina 

2002 269 Central Virginia, central North Carolina, 
northern South Carolina, northern Georgia 

2007 83 Tennessee, Alabama, Georgia, Kentucky, 
North Carolina, South Carolina, Virginia 

2008 122 Western North Carolina, northern South 
Carolina 

Table 4.1.  Years of extreme or exceptional drought across the southern Appalachians along with 
the number of flash floods per year and the states or regions impacted by drought. 

 

 Flash floods per county and independent city were spatially mapped for specific years, 

leading to additional evidence of connections between drought years and low annual frequencies 

of flash floods (Figs. 4.12 and 4.13).  With the second highest number of reports, flash floods in 

1996 were clustered across the northern portions of the study area, including the Potomac 

Highlands and Mountaineer Country of West Virginia, where numerous (9 or more) flash floods 

occurred.  Reports of flash flooding declined in 1997 and 1998 (not shown) reaching the second 

lowest number of reports in 1999.  One hundred and ninety-three counties and 10 cities reported  
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Figure 4.12.  Spatial distribution of flash floods across the southern Appalachians for select years 
between 1996 and 2002. 
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Figure 4.13.  Spatial distribution of flash floods across the southern Appalachians for select years 
between 2003 and 2010. 
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zero flash floods during this year while the two counties with the most reports were Watauga 

County, North Carolina and Page County, Virginia, both reporting five flash floods.  Watauga 

County, North Carolina is especially known by forecasters at the Blacksburg NWS WFO as being 

prone to flash flooding due to terrain influences on precipitation.  In 2000 and 2001, the greatest 

number of flash flood reports was across the middle portions of the southern Appalachians.  Pike 

County, Kentucky is also a county known for remarkable flash flooding.  Extremely rural with 

steep terrain, a flash flood in 2001 resulted in two fatalities across the county, and in 2010 a 

destructive flash flood left another two dead with over 200 homes damaged or washed away.  The 

central portions of the southern Appalachians were also the focal point for flash floods in 2002.   

Numerous flash floods were confined to the Appalachian Plateau and Blue Ridge provinces in 

2003 with Preston County, West Virginia reporting 24 flash floods followed by Marion County, 

West Virginia with 15 reports.  In 2004, flash floods were reported mainly across eastern 

Kentucky and northern Alabama.  Flash floods declined from 2005 through 2006 (not shown) 

reaching a minimum for the entire length of study in 2007 with only 83 reports.  Two hundred 

and eighteen counties and 13 cities reported no flash flooding during this year.  Floyd County, 

Kentucky had the most reports (8) followed by Greenbrier County, West Virginia (5).  As 

drought conditions persisted into 2008, so too did the lack of flash flooding with only 122 reports 

occurring across 77 counties in the southern Appalachians.  The years of 2009 and 2010 saw the 

third and fifth most numerous reports of flash flooding, respectively.  Again, reports were 

confined mainly to the central and southern portions of the study area with Madison County, 

Alabama and the City of Roanoke, Virginia both reporting the most (22) flash floods in 2009 

while Franklin County, Virginia reported 18 flash floods, the most of any county, in 2010.   
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4.2.2  Injuries and Fatalities per Year 

 The number of injuries per year due to flash flooding ranged from a high of 14 in 1998 to 

a low of zero in 2007, 2008, and 2009 (Fig. 4.14).  Fatalities ranged from 15 in 1996 to zero in 

the years of 2005, 2007, 2008, and 2009.  We would expect that the number of injuries and 

fatalities would increase with an increase in the number of flash flood reports; however this is not 

always the case.  Although the greatest number of flash flood reports occurred in 2003, eight 

injuries and only four fatalities occurred during that year.  In 1996 there was a large increase in 

fatalities (15) but only a few (3) reports of injuries.  On the other hand, 2007 saw the fewest 

reports of flash flooding and during this same year the numbers of fatalities and injuries was zero.   

 

 

Figure 4.14.  Number of fatalities and injuries per year from 1996 to 2010 across the southern 
Appalachians.  The number of flash flood events per year is also shown (line graph). 

 

4.2.3  Monetary Damage per Year 

 Crop and property damage were combined to determine the total monetary damage 

caused by flash floods per year from 1996 to 2010 (Fig. 4.15).  While 2003 did rank number one  
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Figure 4.15.  Total monetary damage caused by flash floods per year from 1996 to 2010.  The 
number of flash flood events per year is also shown (line graph). 

 

in terms of the total number of flash floods, it was second in terms of total damage caused by 

such events.  $253,486,000 worth of damage was reported due to flash flooding in 2001 while in 

2003 an estimated $239,172,000 in damage occurred.  The major drought years of 1999 and 2007 

reported some of the lowest damage estimates with only $6,226,000 in damage in 1999 and 

$1,611,000 in 2007, the lowest of all fifteen years.  A substantial decrease in total monetary 

damage from flash floods occurred beginning with 2004 and continuing until 2010 with only 

$114,542,700 of combined damage among all seven years.  This is likely due to the fact that 

during that time period there were relatively few flash flood events to occur which resulted in less 

damage to property and crops.   

 

4.3  Monthly Frequency and Distribution 

 As with the annual frequency and distribution of flash floods, events were also analyzed 

on a monthly temporal scale.  As expected before analysis began, the number of flash flood 
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events peaked during the warm season (considered April through September), but a second, 

smaller increase in flash floods occurred during January (Fig. 4.16).  The number of injuries and 

fatalities per month has also been calculated as well as monetary damage per month due to flash 

flooding.  Spatially, numerous flash floods shift from the windward side of the Appalachians in 

late spring to the leeward side by autumn, likely the result of changing atmospheric patters and 

tropical cyclone impacts along the East Coast of the United States later in the year. 

 

4.3.1  Events per Month 

 Of the 4,938 flash flood reports across the southern Appalachians, 3,657 (74 percent) 

occurred during the warm season between April and September.  As winter transitions to spring, 

the number of flash floods begins to increase.  The month of May witnesses the most dramatic 

positive percent change between any other months of the year.  It is at this time that the 

atmosphere becomes volatile and conditions become favorable, almost every afternoon, for the 

development of thunderstorms, some of which become severe.  May was also the second most 

active month with a total of 804 flash floods (Fig. 4.16).  However, the following month of June 

typically has the most flash floods; 842 (17 percent) reports occurred during this month between 

1996 and 2010.  Another 1,768 flash floods were reported during the summer and early autumn 

months of July, August, and September.   

As atmospheric conditions rapidly change between September and October, the number 

of flash floods decreases dramatically.  October experienced a mere 32 (0.6 percent) reports while 

November and December also had some of the fewest flash flood reports.  However, a small 

increase occurs during the month of January when 390 (7.9 percent) incidences of flash flooding 

were reported.  This second peak of flash flooding during the cool season is likely due to 

widespread heavy rainfall events from mid-latitude cyclones during that month which is 

exacerbated by dormant vegetation and likely frozen ground conditions.   
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Figure 4.16.  Flash flood events per month across the southern Appalachians.  The median 
number of events (342) is also shown (bold line). 

 

The spatial variability of flash floods per month is quite dramatic throughout the course 

of a year (Figs. 4.17 and 4.18).  In January, most flash flood events occur along the leeward side 

of the southern Appalachians, with the exception being areas across northern Alabama.  This 

likely has to do with the development and progression of mid-latitude cyclones known as 

nor’easters that bring heavy precipitation to sections of the southern Appalachians.  As winter 

transitions to early spring, more and more flash floods begin to occur across the windward side of 

the southern mountains.  Central and southern portions of the southern Appalachians are the focal 

point for flash floods during the months of May and June.  Pike County, Kentucky reported the 

most flash floods during the month of June (19), followed by Jefferson County, Alabama (13).   

46 counties and 4 cities, mainly across the southern portions of the study area, reported no flash 

flooding during June.  However, by this time, the majority of flash floods occur across the Valley 

and Ridge province of the southern Appalachians.  Pike County, Kentucky also reported the 
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Figure 4.17.  Spatial distribution of flash floods per month (January through June) across the 
southern Appalachians. 
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Figure 4.18.  Spatial distribution of flash floods per month (July through December) across the 
southern Appalachians. 
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highest number of flash floods (24) during the month of July followed by the City of Roanoke, 

Virginia (14).  As autumn approaches, the spatial distribution of flash floods changes once again 

with most events occurring along the leeward side of the southern Appalachians.  Watauga 

County, North Carolina and the City of Roanoke, Virginia reported the most flash flood events 

during August (13) while Franklin County, Virginia reported the most during September (20).  A 

likely reason for reports of numerous flash flooding occurring across the Blue Ridge province 

(leeward side) of the southern mountains is the development and track of tropical systems along 

the southeast coast.  Also during late summer storms develop over the higher terrain and intensify 

after moving downslope along the leeward side which results in the potential for higher rainfall 

rates and flash flooding.  Only 24 counties had reports of flash flooding during the month of 

October with Cullman County, Alabama and Franklin County, Virginia reporting the most 

incidences (3).  The frequency of flash floods began to increase slightly during November and 

December, leading to a second peak of flash flooding during the cool season in January.  Watauga 

County, North Carolina reported eight flash floods during November while Franklin County, 

Tennessee reported six events in December.   

 

4.3.2  Injuries and Fatalities per Month 

 January had the most reports of injuries (16) out of any month of the year followed 

closely by June which had 15 (Fig. 4.19).  Nearly 69 percent of all injuries occurred during warm 

season events while injuries from cool season flash flood events amounted to just over 31 percent 

of the total.  No injuries were reported during the months of April, October, November, and 

December.  Unlike the number of injuries however, the reports of fatalities followed a similar 

trend to that of the monthly frequency of flash floods.  The number of fatalities peaked during the 

month of June (18) while November had the least number of fatalities (1).  Fifty-five fatalities 

were attributed to flash flooding during the warm season, which is over 77 percent of the 
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Figure 4.19.  Number of fatalities and injuries per month across the southern Appalachians.  The 
number of flash flood events per month is also shown (line graph). 

 

total number of deaths for the period.  Similar to injuries, the months of April, October, and 

December had no fatality reports.   

 

4.3.3  Monetary Damage per Month 

 While June is typically the most active month for flash floods, most damage caused by 

these events occurs during May and July (Fig. 4.20).  An estimated $337,111,750 worth of 

damage was caused by flash flood events during May followed by $280,562,550 in July.  June 

reported the third highest amount of damage which was estimated at $133,628,700.  Combined, 

warm season flash floods resulted in $854,763,150 in damage to crops and property across the 

southern Appalachians; this is over 80 percent of the total damage incurred by flash flooding 

from 1996 to 2010.  December had the least amount of reported damage at $2,134,750, followed 

closely by October with $4,585,000 in damage and April with $5,846,000 worth of damage. 
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Figure 4.20.  Total monetary damage caused by flash floods per month.  The number of flash 
flood events per month is also shown (line graph). 

 

4.4  Hourly Frequency and Distribution 

 An evaluation of flash flood reports per hour reveals when these events are likely to 

occur according to the climatology.  Comparisons can then be made between events per hour and 

injuries and fatalities.  Furthermore, events can be analyzed based on both their time of 

occurrence as well as the date in which they transpired to determine any similarities between the 

two. 

 

4.4.1  Events per Hour 

 As expected with any type of severe weather event, flash floods occur during the most 

active part of the day for severe storms:  during the afternoon and evening hours.  Conditions (e.g. 

maximum heating, atmospheric dynamics, etc.) are most favorable for the development of storms 

during this time.  The hour of 16:00 (4:00 PM) Local Standard Time (LST) was found to have 

had the most incidences of flash flooding (Fig. 4.21).  From 16:00 to 16:59, a total of 367 flash 
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floods occurred.  Two thousand one hundred and forty-seven  flash floods (43 percent) occurred 

during the six hour period of 15:00 to 21:00 while nearly two thirds (3,220 or 65 percent) of all 

flash flood events occurred during the 12 hour period from 09:00 to 21:00.  Reports from 00:00 to 

13:00 remained below the median of 175 with the exception of two time periods at 01:00 and 

09:00.  While flash floods occurred at all hours of the day, they are most likely between the hours 

of 14:00 and 21:00, a time when nearly half of all flash floods occurred across the southern 

Appalachians.   

 

 

Figure 4.21.  Flash flood events per hour across the southern Appalachians.  The median number 
of events (174.5) is also shown (bold line). 

  

A scatter plot comparing the time and date of each flash flood occurrence reveals a strong 

clustering of events between the dates of late April and late September and between the times of 

13:00 and 23:00 (Fig. 4.22).  A discussion in section 4.5 will also show this same day and time 

period to be when significant flash floods are most likely to occur.  As discussed earlier, the 

month of October had relatively few flash flood reports and this is clearly evident in Figure 4.22 
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with a large gap in the data.  Atmospheric conditions across the southern Appalachians during 

this time are relatively quiet and storms that do produce flash flooding are often associated with 

the passage of a frontal system rather than from daytime convection which is common during the 

spring and summer.   Furthermore, during the late fall and winter months the hour of day is not as 

large of an influence on storms as it is during the summer months.   

 

 

Figure 4.22.  Scatterplot comparing the time of occurrence to date of occurrence for all 4,938 
flash flood reports across the southern Appalachians. 

 

4.5  Flash Floods and the Flood Severity Index (FSI) 

 The Flood Severity Index categorizes each flash flood on a scale from FS1 to FS5 using 

property damage estimates (Table 3.1).  Since each flash flood report lists the total amount of 

property damage incurred, this data was used to determine what FSI rating to assign to each 
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individual event.  For each county and independent city, the total number of FS1, FS2, FS3, FS4, 

and FS5 events were calculated and spatially analyzed; this included an examination of the 

number of significant flash floods (FS3 to FS5 events) across the southern Appalachians.  

Furthermore, the number of injuries and fatalities, and event frequency per year, month, and hour 

associated with each FSI category was analyzed.   

 

4.5.1  Spatial Distribution of FSI Categories 

Many of the southern Appalachian counties experienced nuisance (FS1) flash flooding at 

one time or another between 1996 and 2010 (Fig. 4.23).  Portions of far southern Ohio, eastern 

Kentucky, southwestern Virginia, and much of West Virginia saw fewer events because rugged 

terrain across this region leads to quick hydrologic response from small stream basins during even 

a moderate precipitation event.  Since many homes and businesses are situated along these 

mountain streams, any flash flood situations that develop often result in some property damage.  

Thus these areas generally see flash floods categorized from FS2 through FS5, with many of the 

events having a rating of FS3 or higher.  Most nuisance events occurred over the drainage basins 

of the Holston and Tennessee River valleys across the southern Appalachians.   

Minor (FS2) flash flood events occurred with most frequency across the counties with 

higher population densities (Fig. 4.24).  This included the counties home to Huntsville and 

Birmingham, Alabama as well as Roanoke, Virginia and Charleston, West Virginia.  While the 

upper reaches of the Tennessee and Holston rivers saw several nuisance flash floods, minor flash 

flooding occurred less frequently across this area.   

Moderate (FS3) flash floods were even more infrequent across east Tennessee (Fig. 

4.25).  These events were confined to counties near the confluence of the Ohio and Kanawha 

rivers in southern Ohio, eastern Kentucky, and western West Virginia.  The same can be said for 

severe (FS4) flash floods (Fig. 4.26).  While these events were rare, the majority occurred across 
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the southern and northwest portions of the southern Appalachians.  Tazewell County, Virginia 

and Kanawha County, West Virginia both experienced five FS4 flash floods between 1996 and 

2010 while Jefferson County, Alabama, Gallia County, Ohio, and Mercer County, West Virginia 

all witnessed four FS4 flash floods.   

Even less frequent, catastrophic (FS5) flash floods occurred in only a handful of counties 

across the southern Appalachians (Fig. 4.27).  Four FS5 events were recorded to have occurred in 

both Kanawha and Logan counties in West Virginia while Hamilton County, Tennessee reported 

three FS5 flash floods.  In examining the number of homes across these counties, it is easy to 

understand why several flash flood events resulted in catastrophic damage over these areas.  

Hamilton County, Tennessee ranked fourth in total number of homes with 134,692 housing units, 

while Kanawha County, West Virginia had 93,788 homes (eighth overall) in 2000.  The risk of  

 

 

Figure 4.23.  Number of nuisance (FS1) flash floods across the southern Appalachians from the 
period 1996 to 2010. 
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Figure 4.24.  Number of minor (FS2) flash floods across the southern Appalachians from the 
period 1996 to 2010. 
 

 

Figure 4.25.  Number of moderate (FS3) flash floods across the southern Appalachians from the 
period 1996 to 2010. 
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Figure 4.26.  Number of severe (FS4) flash floods across the southern Appalachians from the 
period 1996 to 2010. 
 

 

Figure 4.27.  Number of catastrophic (FS5) flash floods across the southern Appalachians from 
the period 1996 to 2010. 
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damage to personal property from flash floods would increase if there are more homes across a 

certain area.   

Significant (FS3, FS4, and FS5) flash flood events occur with greater frequency across 

counties with high values of mean percent slope with the exception being Jefferson County, 

Alabama (Fig. 4.28).  This includes much of West Virginia and northern sections of the southern 

Appalachians.  Additionally, significant flash floods often result in numerous fatalities due to the 

severe nature of such events.  A comparison of the location of these events (Fig. 4.28) to the 

location of fatalities (Fig. 4.7) shows a likely relationship.  Thus, it is with these events that the  

 

 

Figure 4.28.  Number of significant (FS3 to FS5) flash floods across the southern Appalachians 
from the period 1996 to 2010. 

 

risk of loss of life is greatest.  An analysis of the number of deaths attributed to each FSI category 

indicates that that while there is a slight decrease in fatalities as flood severity increases from FS1 
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to FS3, the number of deaths increases as severity increases from FS3 to FS4 and finally FS5 

events (Fig. 4.29).  It is hypothesized that there are fewer deaths associated with FS3 events than 

with any other category simply because residents take additional precautions with increasing 

flood severity.  During such an event, residents may continue about their normal routine, such as 

crossing a low water bridge to get home, not realizing the seriousness of the situation.  As a flash 

flood increases in severity from FS1 to FS3, the number of deaths decreases either because:  1) 

the frequency of these events also decreases, or 2) residents respond accordingly (and act 

responsibly) to the increase in danger associated with increasing severity.   

 

 

Figure 4.29.  Number of fatalities, injuries, and flash floods per FSI category from 1996 to 2010 
across the southern Appalachians. 

 

However, due to the violent and destructive nature of significant flash floods, we can 

expect fatality rates to increase beyond FS3-type events.  Widespread damage and destruction 

associated with significant flash floods means more citizens are affected and to a greater degree.   
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Additionally, less than 13 percent of all flash floods that occurred across the southern 

Appalachians from 1996 to 2010 were considered significant and only 1.3 percent were 

categorized as FS5 events.  The low frequency of these events often results in residents being less 

prepared to take appropriate action when such events do occur.   

Also shown in Figure 4.29 are the number injuries associated with each flash flood 

severity category.  The number of injuries follows an inverse pattern from that of the number of 

fatalities.  Most notably is the sharp decrease in injuries from FS3 to FS5 events.  This can be 

expected since significant flash floods, especially FS4 and FS5 events, are so severe they simply 

result in more fatalities since victims are subjected to powerful and destructive flood waters that 

they rarely escape with only injuries. 

 

4.5.2  Additional FSI Statistics 

 A comparison between the time significant flash floods occurred and the date of 

occurrence has revealed a large clustering of events occurring between late April and late August 

(Fig. 4.30).  Recall from Figure 4.22 a clustering of all flash flood events (FS1-FS5) occurs 

between the dates of late April and late September and between the times of 13:00 and 23:00.  

However, most significant flash floods occur between the hours of 14:00 and 09:00 LST.  A small 

gap exists between 10:00 and 13:00 when only a few significant events occurred, likely due to the 

fact that storms often don’t initiate until later in the afternoon rather during the morning hours.  

Also note the small clustering of events during January.  During this month, several FS3 and FS5 

events occurred, mainly during the overnight hours between 23:00 and 08:00.   

Fatalities in January were limited mainly to FS1 and FS2 type events with only two 

fatalities attributed to either a FS3 or FS4 event (Fig. 4.31).  There were no fatalities due to FS5 

events during January even though there were nine of these events to occur.  Fatalities due to 

significant flash floods occurred most often during the spring and summer months.  It is at this  
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Figure 4.30.  Scatterplot comparing the time of occurrence to date of occurrence for moderate 
(FS3), severe (FS4), and catastrophic (FS5) flash floods. 
 

 

Figure 4.31.  Fatalities per month, grouped by FSI category. 
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time that there are relatively fewer fatalities due to nuisance and minor flash floods than with 

significant events.  On the other hand, the number of injuries due to significant flash floods was 

far less than those attributed to nuisance or minor events during the spring and summer months 

(Fig. 4.32).  There were, however, a large number of injuries reported due to FS4 flash floods 

during the month of January.   

 

 

Figure 4.32.  Injuries per month, grouped by FSI category. 

 

 While most flash floods occur during the month of June, significant flash floods occurred 

most often during May (Fig. 4.33).  Furthermore, over 53 percent of all significant flash floods 

occurred during a 3-month period from May to July.  Seventy-two percent of significant flash 

floods occurred during the warm season from April through September while only 28 percent 

occurred during the cool season.  Both October and December had the lowest frequency of 

significant flash floods with both months reporting four events each.   
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Figure 4.33.  Significant (FS3-FS5) flash flood events per month. 

 

4.6  Conclusion 

The results of this climatology resemble research conducted at several local WFOs but 

provide a larger picture of flash flooding across the entire southern Appalachian region.  

Individual flash flood reports were analyzed spatially per county with locations in West Virginia 

and eastern Kentucky seeing higher numbers of flash floods.  Events were also analyzed 

temporally by year, month, and hour; it was found that most flash floods occurred during the 

warm season, especially between the months of May and July, and events typically happened 

during the afternoon and evening hours.   
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5.  RESULTS PART II:  NATIONAL WEATHER SERVICE WFO DISCUSSIONS 
 
 
 

Part one of this study looked at the climatology of flash floods across the southern 

Appalachians using data collected from the National Climatic Data Center (NCDC).  To follow 

up, this chapter covers the results of discussions with several local National Weather Service 

(NWS) Weather Forecast Offices (WFOs) about flash flooding across the region.  Each WFO that 

serves the southern Appalachians was contacted by electronic mail and asked which locations 

have a higher occurrence of flash flooding and what atmospheric conditions are favorable for 

such events; those that responded are listed in Table 5.1.  This correspondence between 

operational forecasters, service hydrologists, and others within the NWS provided additional  

 

Table 5.1.  National Weather Service Respondents 

NWS WFO Name (Last, First) In-text 
Abbreviation 

PBZ Davis, Robert RD 

FFC Frantz, Kent KF 

MRX Hotz, David DH 

JKL Jacobson. John JJ 

RNK Keighton, Stephen SK 

OHX LaRosa, James JL 

GSP Lee, Laurence LL 

BMX McNeil, Roger RM 

GSP Tanner, Patricia PT 

Table 5.1.  Personal communication respondents from eight NWS WFOs and the in-text citation 
used to reference them.   
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details about flash flooding across the region and helped to verify the results of this study.1 

 

5.1  Conditions Favorable for Flash Flood Development 

 The conditions favorable for the development of heavy precipitation events and flash 

flooding have been well documented in previous studies.  Readers interested in an overview of 

the basic precipitation formation process and storm types should refer to Chapter 2; what follows 

is a review of some of the atmospheric characteristics associated with past flash flood events, 

according to local forecasters and NWS personnel. 

 Precipitable water (PW) was often mentioned by local WFOs as being one of the main 

variables they look at when forecasting heavy precipitation storms (DH, JJ, JL, RM, 2012, pers. 

comm.).  Precipitable water is simply a measurement of water within a column of air if all the 

water in that column were to fall as liquid rain.  According to half of the forecasters that 

responded, thunderstorms in the southern Appalachians that develop in environments associated 

with PW values greater than 2.5 to 5 centimeters (1 to 2 inches) or more have the potential to 

produce flash flood conditions.  A flash flood event on June 27, 2006 over Frederick County, 

Maryland resulted in one injury and five fatalities.  During this event, precipitable water values 

averaged over 3.5 centimeters (1.5 inches) (Fig. 5.1). 

High relative humidity values and dew point temperatures were also mentioned by nearly 

half of the respondents.  Although no specific temperatures were discussed, forecasters often look 

for dew points above 15.5° C (60° F) which implies sufficient moisture present for the 

development of storms (Gaffin and Hotz 2000).  The higher the relative humidity and dew point, 

the better the chance developing storms will produce torrential rainfall and flash flooding.  With 

the Frederick County, Maryland flash flood, dew point temperatures exceeded 21° C (70° F) prior 

to the event (Fig. 5.2). 

1  The opinions and discussions from personnel at NWS WFOs may not reflect the opinions of each 
individual at the local office, nor do their views reflect the overall organization, the NWS, and/or NOAA. 
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Figure 5.1.  Precipitable water (PW) analysis on June 27, 2006 at 19:00 UTC.  Image from 
NOAA Storm Prediction Center (SPC). 

 

 

Figure 5.2.  Surface temperature, dew point, and PMSL analysis on June 27, 2006 at 19:00 UTC.  
Image from NOAA Storm Prediction Center (SPC). 
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Another condition mentioned by several WFOs was thunderstorm “training” (JJ, SK, JL, 

LL, RM, 2012, pers. comm.).  This is a process in which thunderstorms traverse the same region 

multiple times which can potentially lead to excessive amounts of rainfall.  According to 

forecasters, the best conditions for this to occur are southerly winds of 20 to 30 knots (23 to 35 

mph) at or near the surface (around 925 mb) combined with westerly flow at the mid-levels (500 

mb) not exceeding 50 knots (58 mph).  Storms that develop in this environment have a 

continuous moisture feed and often are slow-moving which allows heavy precipitation to occur 

over a small area.   

 Similar to the training of thunderstorms, flash floods also often occur with stalled or 

nearly stationary frontal systems.  A recent flash flood that occurred across Pike County, 

Kentucky was the result of a quasi-stationary boundary that was evident in the theta-e field.  

Theta-e, or equivalent potential temperature, is a value related to the stability of air within a 

column.  According to local forecasters, thunderstorms would continually form along this 

boundary, each producing outflow to the west.  This outflow then resulted in the formation of 

new thunderstorm cells which then moved off to the east over the same areas in Pike County, 

producing excessive rainfall and flash flooding over steep terrain for several hours.   

 Although these are the major parameters operational forecasters look for when 

forecasting flash floods, several mentioned additional atmospheric and environmental conditions 

that often result in flash flooding (RD, KF, DH, JJ, SK, RM, 2012, pers. comm.).  These are 

provided in summary below: 

 Tropical cyclones that impact the region, either directly (embedded thunderstorms) or 

indirectly (saturate soil for days), as well as decaying tropical storms. 

 Upper-level diffluence and synoptic lifting by upper-level jets. 

 Moist antecedent conditions such as saturated soil from previous storms, elevated stream 

and river flows, etc. 
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 Topographic influences which can result in continuous upslope flow, especially along the 

leeward side of the southern Appalachians and southeast-facing slopes. 

 Large amplitude, slow-moving 500 mb trough which can tap into Gulf or Atlantic 

moisture. 

 

5.2  Flash Flood Areas of Concern 

 Two of the questions asked of forecasters and hydrologists at the NWS WFOs were if 

they knew of any specific areas within their CWA that are more or less prone to flash flooding 

and if reports seem to originate from certain geographical locations, such as mountain ranges, 

valleys, etc.  Of the 13 WFOs that serve the southern Appalachians, eight sent replies by email to 

the questions asked.  Answers to these questions varied from simple responses, such as naming a 

town or city, to rather precise statements naming certain highways or even small streams and 

creeks.  Some respondents directed my attention to publications specific to their CWA, many of 

which have already been cited in the literature review.  However, the input provided from each of 

the WFOs that responded is extremely helpful in identifying certain locations that forecasters 

believe are more prone to flash flooding.  This benefits those unfamiliar with the region and acts 

as a simply method to verify the climatology derived in this study.   

 The eight WFOs that responded included:  Birmingham, Alabama (BMX); Blacksburg, 

Virginia (RNK); Greenville/Spartanburg, South Carolina (GSP); Jackson, Kentucky (JKL); 

Morristown, Tennessee (MRX); Nashville, Tennessee (OHX); Peachtree City, Georgia (FFC); 

and Pittsburgh, Pennsylvania (PBZ).  Moving from south to north across the region, the responses 

from each of these WFOs will be discussed and compared to the findings in Chapter 4.  A map of 

each CWA mentioned has been provided for reference. 

 The Birmingham, Alabama (BMX) WFO provided one of the most detailed responses, 

listing several counties, highways, and streams/creeks that are usually affected by flash floods.  
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This WFO serves the far southern reaches of the Appalachians and approximately half of the 

counties within BMX are considered part of the southern mountains (Fig. 5.3).  According to 

forecasters at the WFO, Five Mile Creek, Valley Creek, Patton Creek, and Village Creek in the 

Birmingham metro area (Jefferson County, Alabama) are susceptible to frequent flash flooding.  

Flash flooding occurs across much of Blount County, Alabama, including the town of Oneonta, 

where rapid runoff from urbanization and poor drainage floods low-lying areas.  The community 

of Remlap, also in Blount County, frequently has problems with flash flooding, especially along 

Highway 75 near Southeastern Elementary School.  Other rural roads in the county are also 

vulnerable to flash floods.    Urban flash flooding can be a problem in the city of Gadsden in  

 
 

  

Figure 5.3.  Southern Appalachian counties and major cities within the Birmingham, Alabama 
CWA. 
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Etowah County, Alabama as well as in downtown Tuscaloosa (Tuscaloosa County, Alabama).  In 

Shelby County, Alabama, the Pelham area often has flash flooding with certain creeks, namely 

Buck Creek and Cahaba Valley Creek becoming problematic due to urbanization.   

 This information conforms to the results found in Chapter 4 with Jefferson County, 

Alabama, reporting some of the highest numbers of flash flood events across the entire southern 

Appalachians (Fig. 4.1).  The density of flash floods across this region is also high, especially 

across the Birmingham and Tuscaloosa metro areas (Fig. 4.2).  Several injuries and four fatalities 

occurred across the southern Appalachians within BMX between 1996 and 2010.  The 

Birmingham, Alabama WFO is also one of the three CWA that reported significant crop damage 

as a result of flash flooding during the study period.   

 Across the Peachtree City, Georgia (FFC) area, flash floods tend to occur with greater 

frequency across the northern half of the CWA.  According to the Senior Service Hydrologist 

there, this is the result of mountainous topography and a clay soil regime across the region 

compared to much flatter terrain and sandy soils to the south (Fig. 5.4) (KF, 2012, pers. comm.).  

As with locations across BMX, flash flood conditions often result from urbanized areas across 

FFC.  Although no specific urban areas were mentioned, this could likely include the more 

urbanized areas across any of the southern Appalachian counties within the FFC CWA.  

However, the Peachtree City WFO does not consider typical street flooding to be a flash flood.  

According to them, a “true flash flood” occurs when a nearby stream, creek, or river comes out of 

its banks and causes the road to flood (usually within a few hours of the causative event) (KF, 

2012, pers. comm.).   

 A map provided by FFC provides the number of flash flood events per county between 

2004 and 2010 (Fig. 5.5).  This matches up well with data from this study, but since this research 

extends back to 1996, there are several additional events included (Fig. 4.1).  Additionally, the  
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Figure 5.4.  Southern Appalachian counties and major cities within the Peachtree City, Georgia 
CWA. 

 

months of March, September, and April were said to be the most active months for flash flooding 

across the CWA, according to FFC.  From this study, which again uses data stretching back to 

1996, the most active months (in order) appear to be July, May, and September.  According to 

forecasters at Peachtree City, the warm season thunderstorms can produce rainfall rates of over 4-

5 inches per hour; flash flooding often develops in small streams and creeks in northern Georgia 

when urban areas receive two or more inches of rain per hour and rural areas receive three or 

more inches of rain per hour (KF, 2012, pers. comm.).   

Only a small number of southern Appalachian counties are located within the Nashville, 
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Figure 5.5.  Number of flash floods to occur across the Peachtree City (FFC) WFO CWA 
between 2004 and 2010.  Image courtesy of Kent Frantz, FFC NWS. 
   

Tennessee (OHX) CWA (Fig. 5.6).  According to forecasters from the WFO, the city of 

Cookeville in Putnam County, Tennessee is especially susceptible to flash flooding due to 
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urbanization (JL, 2012, pers. comm.).  Small stream basins in this area also diverge rather than 

converge, which keeps any flash flooding to a minimum, both spatially and temporally.  The 

Cumberland Plateau counties of Pickett, Overton, and Fentress, Tennessee also deal with flash 

flooding regularly.  Stream basins are relatively small across these areas and many of the basins 

converge.  However, much of this area is rural with very few homes and small towns have limited 

urban development.  Across far eastern portions of the CWA, the counties of Cumberland, White, 

Van Buren, Warren, and Grundy often have minor flash floods since the area is rural and streams 

tend to feed into larger rivers rather quickly.  According to the results of this study, Putnam 

County, Tennessee had the most flash flood reports out of all the southern Appalachian counties 

 

  

Figure 5.6.  Southern Appalachian counties and major cities within the Nashville, Tennessee 
CWA. 
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across OHX (Fig. 4.1).  This is confirmed by statements from forecasters at the WFO with the 

city of Cookeville and surrounding areas having a higher density of flash floods per square 

kilometer (Fig. 4.2) (JL, 2012, pers. comm.).  Putnam County also had the three injury reports 

due to flash flooding while none of the other counties in OHX reported any injuries or fatalities.  

When data was normalized for population and area, Van Buren County, Tennessee had 

significant reports of flash flooding (Fig. 4.3).   

 The Morristown, Tennessee (MRX) WFO compiled a similar climatology of flash floods 

between 1960 and 1997 using data from Storm Events (Gaffin and Hotz 2000).  Each county and 

Virginia independent city across the CWA is considered part of the southern Appalachians (Fig. 

5.7).  In their results, they found that most flash floods occur near the urban areas of Knoxville,  

Chattanooga, and the Tri-Cities (Kingsport, Johnson City, and Bristol) of Tennessee.  Across the 

rural and mountainous areas, Wise County, Virginia and Carter County, Tennessee had some of 

the most numerous and significant flash flood events.  July was found to be the most active month 

for flash flood activity across the CWA (Gaffin and Hotz 2000). 

 The results of this study, while only taking into account recent data, shows a similar 

pattern to those of the climatology from MRX.  The counties home to urban areas such as 

Knoxville and the Tri-Cities reported some of the highest number of flash floods.  While Wise 

County, Virginia reported some significant flash flood events, neighboring Scott County, Virginia 

reported a total of 20 flash floods between 1996 and 2010 (Fig. 4.1).  There were also several 

fatalities across both these counties and each of the counties within MRX reported no crop 

damage from flash floods (Fig. 4.9).  MRX also had some of the lowest damage estimates from 

flash flooding across the entire southern Appalachians (Fig. 4.10).  March, July, and September 

appear to be the most active months with flash flooding; recall that July was found to have the 

greatest number of flash flood events in the MRX climatology. 
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Figure 5.7.  Southern Appalachian counties and major cities within the Morristown, Tennessee 
CWA. 
 

 East of the state of Tennessee, the Greenville/Spartanburg, South Carolina WFO provides 

coverage to some of the highest terrain in the southern Appalachians (Fig. 5.8).  According to 

Flash Flood Monitoring Program (FFMP) and Flash Flood Potential Index (FFPI) information 

provided by GSP, the mountainous counties in western North Carolina and their small stream 

basins are considered to be at a greater risk for flash flooding.  FFMP is a program used at each 

NWS WFO that monitors rainfall across small stream basins and compares this to Flash Flood 

Guidance (FFG) for each basin.  FFPI is related to runoff potential and attempts to take into 

account several factors that influence hydrologic response, including forest cover, slope, land 

cover, and soil type.  In addition to the mountainous areas, forecasters at GSP indicated that urban 
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areas , such as the cities of Greenville and Spartanburg, South Carolina, are also known for 

having flash flooding, due primarily to the urban landscape (LL, PT, 2012, pers. comm.).   

The GSP WFO also conducted a similar climatology of floods and flash floods using 

NCDC data between October, 1, 1995 and December 31, 2010.  According to their findings, the 

county within the southern Appalachians with the most flash flood reports was Greenville 

County, South Carolina with 45 events.  This is almost the same number of events found to have 

occurred between 1996 and 2010 when 44 flash floods were reported.  Madison County, North 

Carolina was reported to have had 29 flash floods occur in the GSP climatology which exactly 

matches the information derived in this climatology from 1996 to 2010.  Their annual and  

 

  

Figure 5.8.  Southern Appalachian counties and major cities within the Greenville/Spartanburg, 
South Carolina CWA. 
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monthly analysis of flash floods is also very similar to this study’s results, as are the number of 

flash floods by time of day.   

The Jackson, Kentucky (JKL) WFO includes some of the most rural and least populated 

areas in the southern mountains.  Numerous small streams and creeks feed quickly into larger 

streams and rivers.  Residents primarily live along these small streams in hollows and other low-

lying areas.  While mountain ranges are not all that high (Fig. 5.9), the topography of the region is 

extremely rough resulting high values of mean percent slope (Fig. 3.5).  According to forecasters 

at JKL, terrain is a major factor in the development of flash floods which is most evident across 

Pike County, Kentucky where numerous events have occurred (Fig. 4.1).  Several of these events  

 

  

Figure 5.9.  Southern Appalachian counties and major cities within the Jackson, Kentucky CWA. 
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have resulted in injuries and fatalities (Figs. 4.6 and 4.7).  Urban areas, while limited across the 

CWA, are also a mitigating factor when it comes to flash flood development.  Apparently poorly 

designed storm drains and inadequate engineering have resulted in several flash floods across the 

region in the past.   

 The results of this study show that some counties within the Jackson, Kentucky CWA are 

hot spots for flash flooding when compared to the entire southern Appalachians (Fig. 4.4).  While 

Pike County is well-known for flash flooding, such counties as Owsley, Breathitt, Morgan, and 

Menifee in eastern Kentucky have also been identified as areas of concern (Fig. 4.5).  However, 

according to meteorologists at JKL, the remoteness of the region leads to some flash flood events 

going unnoticed and unreported (JJ, 2012, pers. comm.).  Area residents are also extremely 

sensitive to government officials seeking information from them, which also hampers the 

reporting process.  Thus, the numbers of flash floods across this region could potentially be 

underestimated in this study. 

 Another WFO to produce a CWA climatology of flash flooding was Blacksburg, Virginia 

(RNK) (Fig. 5.10).  Their climatology identified two areas, or zones, of frequent flash flooding 

(Stonefield and Jackson 2009) (Fig. 2.3).  The first zone (zone 1) was across far western portions 

of the CWA including Smyth and Tazewell counties in southwestern Virginia and Mercer, 

Summers, and Greenbrier counties in southern West Virginia.  Here, training from thunderstorms 

and/or moist low-level flow parallel to the mountain ridges often results in flash flooding; a 

stalled frontal system or other type of boundary can also be a focal point for the development of 

flash floods.  Zone 2 included portions of the Roanoke Valley (Roanoke, Franklin, Bedford, 

Botetourt, Rockbridge, and Amherst counties) along the leeward side of the Appalachians.  Flash 

floods are more common in this region during the autumn and cool season due to tropical 

influences and southeasterly flow which forces air to rise upslope (Stonefield and Jackson 2009; 

SK, 2012, pers. comm.).   
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Figure 5.10.  Southern Appalachian counties and major cities within the Blacksburg, Virginia 
CWA. 

 

The results of this climatology share many of the same findings from the RNK study.  

Flash floods tend to occur with greater frequency across the New River and Roanoke Valleys of  

Virginia (Figs. 4.1 and 4.2). Examining the spatial distribution of flash floods per month also 

reveals that these events are more common along the western slopes of the Appalachians during 

the spring and summer months, with the distribution shifting eastward along the leeward slopes 

during the autumn (Figs. 4.17 and 4.18).  RNK also found that most flash floods occur during the 

warm season, especially during June, and during the afternoon and evening hours (Stonefield and 

Jackson 2009).  This coincides with the findings of this study.   
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 Finally, the Pittsburgh, Pennsylvania (PBZ) WFO also supplied some information about 

flash flooding across a small portion of their CWA (Fig. 5.11).  According to forecasters there, 

and like many other areas across the southern Appalachians, urban areas are extremely vulnerable 

to flash floods (RD, 2012, pers. comm.).  However, the Pittsburgh CWA only encompasses six 

rural counties in the southern Appalachians (Fig. 3.2).  From the information provided, 

emergency management officials as well as local residents across these counties are generally the 

contact points for learning of flash flooding.  Counties with low population densities, just as 

across other portions of the southern mountains, are locations that might be underreporting flash 

flood events.  Furthermore, most flash floods across the region occur within very small creek  

  

Figure 5.11.  Southern Appalachian counties and major cities within the Pittsburgh, Pennsylvania 
CWA. 
  

92



basins; for example, a recent flash flood in March 2012 near Fairmont in Marion County, West 

Virginia occurred over a watershed that was only approximately 8 square kilometers (3 square 

miles) in size. 

Although little information was provided about the trends or climatology of flash floods 

in the correspondence with PBZ, results of this study indicate that flash floods have occurred 

numerously across the region (Fig. 4.1).  There have also been significant reports of flash 

flooding across Monongalia, Marion, and Preston counties in northern West Virginia, leading to a 

higher density of flash floods per square kilometer (Fig. 4.2).  When the number of flash floods is 

normalized with respect to county size and population, Preston County, West Virginia is found to 

have one of the highest numbers of flash flood occurrences (Fig. 4.3)   However, flash floods 

typically are not significant (FS3-FS5) in nature and only one fatality was reported due to flash 

flooding (Marion County, West Virginia) between 1996 and 2010 (Fig. 4.7). 

 

5.3  Conclusion 

The correspondence with local NWS WFO across the southern Appalachians has been 

extremely helpful in shedding additional light on the spatial and temporal distributions of flash 

floods.  Each WFO mentioned the hazards associated with urbanization and how the mountainous 

terrain in their CWA is often a focal point for flash floods.  The information provided also helped 

in verifying the results of this study in making sure the counties and regions identified herein 

coincide with the findings from local WFOs.     

The following are some of the commonalities that were shown to exist between this 

climatology and what forecasters have discussed: 

 Flash floods occur with greater frequency over urbanized areas and terrain highly 

influences the development and evolution of heavy precipitation storms, 

especially those that cause significant damage. 
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 Nearly 75 percent (or more) of flash floods occur during the warm season from 

April to September. 

 June is typically the most active month for flash floods. 

 Most flash floods are nuisance or minor events, resulting in little to no damage. 

 Significant flash floods generally occur across rural counties. 
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6.  CONCLUSION AND FINAL REMARKS 
 
 
 

 The purpose of this study was to derive an abbreviated climatology of flash flooding 

across the southern Appalachian Mountains.  To accomplish this, information was collected from 

the National Climatic Data Center’s (NCDC) Storm Data database and each flash flood report 

from January 1, 1996 to December 31, 2010 was analyzed both spatially and temporally.  Results 

provide insight into the distribution and frequency of flash floods across the region after the 

Modernization and Restructuring (MAR) of the NWS in the mid-1990s when emphasis was 

placed on the accuracy and verification of recorded events.  Additional understanding comes from 

discussions with local NWS WFOs about their first-hand knowledge of flash flooding across their 

area of operations or CWA.   

 It is important to note before discussing the significant findings of this research that this 

is an abbreviated, fifteen-year climatology of recent flash floods.  Therefore, the available data 

which this study is based upon is somewhat limited.  To best understand the distribution and 

frequency of flash floods anywhere across the United States, a climatology of thirty years or more 

is needed.  However, due to data reliability issues it is difficult to analyze flash flood events prior 

to the mid-1990s.  It will be several more years before a traditional climatology can be developed 

using verified storm reports. 

In analyzing the spatial distribution of flash flood reports across the southern 

Appalachians, the highest frequency of events occurred in counties with high population 

densities.  This could be either the result of infrastructure and impermeable surfaces in these 
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areas, which would lead to a greater number of events, or the result of a larger population base 

which would mean more available “eyes” to spot an ongoing event.  Since flooding in urban areas 

is technically considered separate from flash flooding, according to the NWS and the NCDC, it is 

assumed that the flash flood reports analyzed were in fact flash floods and not urban flooding.  In 

beginning this study, only events listed as “flash flooding” or a “flash flood” were analyzed and 

the “urban flooding” category of reports was not included.  Therefore, the greater number of flash 

flood reports from high-density areas is most likely a result of additional individuals available to 

relay reports of flash flooding to the NWS.  To confirm this assumption, the number of flash 

floods per square kilometer was compared to population density per square kilometer.  It was 

found that a moderate relationship exists which indicates that as a county or city’s population 

increases, the number of flash flood reports across that area also increases. 

 To get a better understanding of the distribution of flash floods without the bias of 

population, reports were normalized in respect to population per square kilometer; essentially 

neither the size nor the population of a county could influence the results.  In mapping the 

normalized number of flash floods per county and independent city across the southern 

Appalachians, it was found that the Potomac Highlands along the Virginia-West Virginia border 

had the highest number of events.  Additionally, areas in eastern Kentucky were also shown to 

have a high frequency of events.  These two areas conform to results of both a Hot Spot Analysis 

and Cluster and Outlier Analysis conducted in ArcGIS where areas of high and low values of 

flash flooding were identified.  The findings of this analysis suggest portions of eastern 

Tennessee and northern Georgia had the fewest number of events when normalized with respect 

to population per square kilometer.   

 While the spatial distribution of injuries from flash floods varied across the southern 

Appalachians, a significant number of fatalities occurred across the northern and central portions 

of the study area, especially across West Virginia and Kentucky.  Due to topography and 
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lifestyles of these areas, residents inhabit steep hollows along mountain streams and creeks which 

can lead to an increase in the likelihood of impact from even minor flash floods.  However, very 

few minor flash floods occur across the region, likely due to the terrain and the overall impact 

associated with flash flooding.  Numerous significant flash floods did occur, many of which 

resulted in fatalities across the area.  Fatalities across the entire southern Appalachians were 

analyzed to determine why they occurred.  Approximately 29 percent were in relation to vehicle 

use of some sort (together with ATVs); including driving into a swollen stream, crossing a 

flooded bridge, or the vehicle was simply swept away with the occupant(s) inside.  However, a 

high percentage (38 percent) of deaths occurred simply because residents were swept away and 

later drowned.  Throughout the examination process, a recurring theme was that of young 

children and adults who were allowed to go near flooded streams or creeks which ultimately lead 

to a number of fatalities.  Many of the deaths also occurred right after public schools were let out 

of session and students were on their way home.  It is important that the public, especially the 

more rural and younger residents, become educated about the dangers associated with floods, and 

in particular, flash floods, which occur quickly and sometimes without warning.   

 In comparing the number of flash flood events per year to each of the fifteen years of the 

climatology, 2003 had the highest frequency of flash flood reports followed by 1996.  Both these 

years were accompanied by above-average annual precipitation and heavy snows during the 

winter months.  The year 2007 was found to have had the fewest flash floods, followed by 1999 

and 2008, respectively.  During these years there were ongoing droughts across the southern 

Appalachians ranging from moderate (D1) to exceptional (D4), according to the U.S. Drought 

Monitor.  This suggests a relationship between years of considerable drought and years of 

infrequent flash flooding.   

 Most flash floods (74 percent) were found to occur during the warm season between the 

months of April and September.  Typically, June is the most active season for flash flooding 
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across the southern Appalachians followed by May and July, respectively.  A greater number of 

fatalities coincide with a greater number of events, especially during May and June.  October saw 

the fewest flash flood reports when atmospheric conditions are relatively stable.  A secondary 

peak of flash flooding occurs during the winter months, however.  This most likely is the result of 

frozen ground conditions, dormant vegetation, and heavy precipitation from mid-latitude cyclones 

that frequently take-aim at the East Coast.  Additionally, while there were several fatalities during 

the winter months, the number of injuries was considerably high during January.    

Spatial analysis of flash floods across the region shows the frequency of events is higher 

across the western slopes of the southern Appalachians during the late winter and spring months.  

This area of higher frequency of events shifts eastward during the late spring and summer 

months, and by autumn, higher numbers of flash floods were found to occur along the front range 

and leeward side of the Appalachians.  During the spring and summer months, easterly flow 

forces air to ascend the windward-facing mountains of the Appalachian Plateau which results in 

excessive rainfall across those areas.  During the summer months, a more stagnant atmospheric 

pattern sets up and storms can develop anywhere across the higher terrain.  As autumn 

approaches, conditions shift yet again with southeasterly flow occurring along the leeward side of 

the Appalachians, resulting in upslope flow along the Blue Ridge.  This is also a time of active 

tropical cyclone activity which can bring moisture and thunderstorms to the region and being 

amplified along the east-facing slopes.   

   About half of all flash flood events across the southern Appalachians took place during 

the afternoon and evening hours between 15:00 and 21:00 local time.  This coincides with 

maximum heating of the atmosphere and the initiation of thunderstorm development during the 

afternoon.  Additionally, an analysis of the time flash flood events occur verses the date of 

occurrence has revealed clear evidence that most events are clustered between the hours of 13:00 

and 23:00 and between late April and late September.  Significant numbers of injuries and 
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fatalities also occur during this time period with a secondary maximum during the overnight 

hours.  It is at this time that residents are likely unaware of any ongoing flash flooding which 

could potentially lead to serious injury and/or death. 

 An analysis of the spatial and temporal patterns of flash floods based on the Flood 

Severity Index (FSI) has also revealed some interesting results.  As mentioned earlier, portions of 

West Virginia and northeastern Kentucky saw very few minor (FS1) flash floods; most events 

across these areas were significant (FS3-FS5).  Most significant flash flood events were shown to 

occur between late April and late August and between 14:00 to 09:00 local time.  While the 

greatest number of flash flood events occurs in June, the greatest frequency of significant flash 

floods occurs in the prior month of May.  Furthermore, significant flash floods resulted in most of 

the fatalities during the spring and summer months, with the exception of July.   

 In corresponding with local NWS WFOs that serve the southern Appalachians, several 

atmospheric parameters were discussed as being highly important when conducting analysis to 

determine the likelihood of heavy precipitation formation and the development of flash flooding.  

One of these was precipitable water (PW).  According to forecasters across the region, high PW 

values in excess of one to two inches often accompany flash flooding (DH, JJ, JL, RM, 2012, 

pers. comm.).  Additionally, dew point temperatures in excess of 15.5° C (60° F) and high 

relative humidity values are often required for heavy precipitation development (Gaffin and Hotz 

2000).  During an event, training of thunderstorms often results in multiple bouts precipitation 

which can result in flash flooding, especially when storms align nearly perpendicular to mountain 

slopes, thus increasing the precipitation efficiency.   

 Many of the locations found through this climatology to have had frequent flash flooding 

were also mentioned by forecasters and hydrologists at the local WFOs to be problematic.  This is 

especially true for urban areas.  The counties home to larger cities (e.g. Roanoke County, 

Virginia; Jefferson County, Alabama; etc.) were found to have higher numbers of flash flood 
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reports in this study.  While there is some question as to whether this is due to the urban 

landscape or simply because more people are available to spot ongoing flash flooding is still 

unknown.  While flash flooding is different than urban flooding, flash floods do occur regularly 

across urban or suburban areas with high population densities.  Several additional suburban and 

urban areas were mentioned by the local WFOs and have been thoroughly discussed (Chapter 5).   

  Although this climatology is somewhat limited, it provides a look at recent trends in 

flash flooding across a region with similar physical and environmental characteristics.  The hope 

is to expand the spatial extent of this climatology to include the entire eastern United States which 

would provide a much broader look at the spatial and temporal distributions of flash floods.  

While it would not be prudent to examine why flash floods occur over such a large area, a general 

climatology of these events using recent, verified reports could add significant knowledge to the 

literature and broaden our understanding of the spatial distributions and temporal frequencies of 

these events.  As more data becomes available over the next several decades, a more accurate 

picture can be portrayed of flash flooding, not just across the southern Appalachians, but the 

entire United States.   
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APPENDIX A.  ACRONYMS AND ABBREVIATIONS 

 

 Appendix A contains a list of all commonly-used acronyms mentioned in the text of this 

thesis. 

 
Acronym  Name 

ATV  All-Terrain Vehicle; most commonly referred to as a four wheeler 

BMX  Birmingham, Alabama WFO 

CPU  Central Processing Unit 

CWA  County Warning Area 

ESRI  Environmental System Research Institute 

FFC  Peachtree City, Georgia WFO 

FFG  Flash Flood Guidance 

FFMP  Flash Flood Monitoring Program 

FFPI  Flash Flood Potential Index 

FSI  Flood (or Flash Flood) Severity Index 

FTP  File Transfer Protocol 

GIS  Geographic Information System 

GSP  Greenville/Spartanburg, South Carolina WFO 

hPa  Hectopascal 

HUN  Huntsville, Alabama WFO 

ILN  Wilmington, Ohio WFO 

JKL  Jackson, Kentucky WFO 

KI  K-Index 

LMK  Louisville, Kentucky WFO 

LST  Local Standard Time 
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Acronym  Name 

LWX  Baltimore/Washington WFO 

MAR  Modernization and Associated Restructuring 

MRX  Morristown, Tennessee WFO 

NAD  North American Datum 

NCDC  National Climatic Data Center 

NLCD  National Land Cover Database 

NOAA  National Oceanic and Atmospheric Administration 

NWS  National Weather Service 

OHX  Nashville, Tennessee WFO 

PBZ  Pittsburgh, Pennsylvania WFO 

PE  Precipitation Efficiency 

PLSS  Public Land Survey System 

PW  Precipitable Water 

RLX  Charleston, West Virginia WFO 

RNK  Blacksburg, Virginia WFO 

SI  Showalter Stability Index 

SPC  Storm Prediction Center 

USGS  United States Geological Survey 

UTM  Universal Transverse Mercator 

WFO  Weather Forecast Office 
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