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CHAPTER 1:  INTRODUCTION 

“The National Weather Service issues warnings for heavy snow, freezing rain, high 

winds, flash flooding, river flooding, thunderstorms, tornadoes, tropical storms, and 

hurricanes. In a broad sense, these are all defined as severe weather as any of them can 

and do pose a threat to life and property.” 

 

 - Storm Prediction Center (SPC, 2015) 

 

When meteorologists hear the words “severe weather” our first thoughts usually 

drift toward warmer season severe weather events such as tornadoes, hurricanes, strong 

straight line winds, and large hail.  We typically don’t immediately think of cold season 

or “winter” weather.  However, winter storms can be just as severe and damaging as any 

of the previously mentioned weather phenomena.  Severe winter storms have cost the 

state of Missouri significant monetary loss from property damage, crop destruction, and 

loss of livestock.  Even worse than the monetary losses from these storms are the injuries 

and deaths to humans that they sometimes cause.  Severe winter storms will continue to 

cost the state of Missouri through monetary and societal loss as population rises and more 

people are impacted each year.  
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1.1  PURPOSE 

 

The purpose of this research is to develop a better understanding of severe winter 

storms in Missouri, the damage they produce, and how they impact the citizens of the 

state.  Through a better understanding of the climatological characteristics of severe 

winter storms in Missouri, meteorologists can forecast these events with more accuracy.  

With better understanding of the damage, monetary loss, and some of the societal impacts 

produced by severe winter storms, meteorologists, local and state government, business 

owners, and the public in general can plan for these events and possibly mitigate some of 

impacts.  For the purpose of this research to be achieved the following objectives must be 

met. 

 

1.2  OBJECTIVES 

 

1) To create a severe winter storms climatology for Missouri modeled after 

the Illinois severe storms climatology in Changnon (1969).  According to the World 

Meteorological Organization, climate and more specifically a climatology is a measure of 

the number, variability, and average of a particular atmospheric variable or event over a 

specific range of time.  This climatology will be for a time period of 50 years from 

October 1960 to May 2010 and include both heavy snowfall events and severe ice events.  

This climatology has three classifications.  The classifications for the severe storms 

climatology are as followed:   
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 A significant snow event: six inches of snowfall or greater in a 48-hour period.  

 A significant ice event: At least ¼ inch of ice accumulation in a 48-hour period. 

 A significant mixed event: Meets both of the above criteria.    

 

The climatology will include information on number of events per year and per 

decade, snowfall amounts per event, dates of events, and the mid-latitude cyclone 

regimes that contributed to the events.  Mid-latitude cyclones are areas of low pressure 

that are associated with frontal boundaries.  They develop due to horizontal temperature 

variations in the atmosphere.  In the winter and under the right conditions, heavy snowfall 

is often associated with the northwest and northeast sectors on well-developed mid-

latitude cyclones (Market et al. 2002).  Data for the climatology will compiled from the 

National Climatic Data Center (NCDC), the Midwestern Regional Climate Center 

(MRCC), the National Oceanic and Atmospheric Administration (NOAA) Central 

Library, the National Centers for Environmental Prediction (NCEP), the Army’s Ice 

Storm Database from the Cold Regions Research and Engineering Laboratory (CRREL), 

and local NWS Weather Forecast Offices.  By creating this climatology, meteorologists 

can use the information to understand how severe winter storms have and have not 

changed in the recent 50-year time frame for the state of Missouri. 
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2) To use the severe winter storms climatology (specifically snowfall) to 

investigate connections to interannual and interdecadal variability.  Variability in the 

El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and the 

North Atlantic Oscillation (NAO) will be compared to snowfall data from the 

climatology.  

For the ENSO cycle, the Japan Meteorological Agency’s (JMA) definition of 

ENSO will be applied (COAPS, 2015) ENSO is a periodic change in sea surface 

anomalies within an area between 4° S - 4° N, 150° W - 90° W in the Pacific Basin.  The 

ENSO phase is determined by a 5 month running mean of the spatially averaged sea 

surface anomalies in the Pacific Basin.  If the sea surface anomaly is 0.5 °C or greater for 

6 consecutive months, then the year is classified as being in an El Niño phase.  The 6 

months must include October, November, and December.  If we are in the La Niña phase 

of ENSO for a particular year, then the sea surface anomaly must be -0.5 °C or less for 

six consecutive months.  For a neutral year, the sea surface anomaly would be between -

0.5 °C and 0.5 °C.  A particular ENSO “year” would start on 1 October of one year and 

run through 30 September of the next year.  

The PDO is a long-term fluctuation in the Pacific Basin sea surface temperature and 

has a period of 50-70 years (Mantua et al. 1997 and Minobe, 1997).  According to 

Mantua et al. (1997) there are two separate phases of the PDO.  The negative PDO phase 

(-PDO or PDO2) corresponds to the years 1947-1976 and 1999-present.  The positive 

PDO phase (+PDO or PDO1) corresponds to the years 1977-1998.   
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The NAO is a representation of the difference of normalized sea level pressure 

between Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland.  The North Atlantic 

Oscillation (NAO) also has two phases like the PDO.  However, there is debate over the 

cyclical nature of the NAO.  From 1960-2010, every winter season has been designated 

into a particular NAO phase.  The two phases are the negative NAO phase (-NAO) and 

the positive NAO phase (-NAO) (Hurrell, 2015). 

Methodology from Berger et al. (2002), Lupo et al. (2005), and Birk et al. (2010) 

will be used to complete this analysis. By completing this analysis, averaged long-range 

forecasts for heavy snowfall events in Missouri can be produced.  

 

3) Analyze automobile accident data provided by the Missouri Department of 

Transportation (MoDot) for Missouri interstates from 2000 to 2010 to determine if 

automobile accidents increase, decrease, or show no correlation with the amount of 

snowfall accumulation.  The interstates included in this analysis are the sections of: I-

29, I-35, I-44, I-49, I-55, and I-70 that run through Missouri.  Automobile accidents will 

only be included in the analysis if snowfall was occurring at the time of the accident and 

if there was snow on the interstate. This information was available for each automobile 

accident through MoDOT.  Snowfall amounts will be determined using Missouri weather 

station data available through the National Climatic Data Center (NCDC).  Information 

collected from this analysis will help meteorologists understand and communicate the 

dangers of snowfall accumulation on Missouri interstates to the general public.  
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4) To include a partial analysis of the monetary losses attributed to damages 

produced by severe winter storms included in the severe winter storms climatology.  

This will be accomplished using insurance data and the NCDC Storm Data Publication 

records.  Insurance data from Shelter Mutual Insurance Corporation was provided from 

2000 to 2010.  Only losses from insured claims and data available in the Storm Data 

Publications would be used for the analysis.  All monetary losses will be adjusted to the 

2010-dollar to account for inflation using the Consumer Price Index (CPI).  This is the 

same methodology employed in Smith and Katz (2013).  The information obtained from 

this analysis can be used to determine if monetary losses from severe winter storms have 

increased over time from at least 2000-2010.  This information will help the state of 

Missouri budget and prepare for some of the future monetary losses associated with 

severe winter storms.   
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CHAPTER 2:  LITERATURE REVIEW 

In order to complete the objectives of this research, a literature review of previous 

and related research has been performed.  This literature review includes various 

climatologies on snowstorms and ice storms in the United States.  There is also research 

included in this literature review on the accuracy of ice storm data in climatologies, 

interannual and interdecadal variability in Missouri and the Midwest United States, and 

economic impacts from extreme weather events in the United States.  The research papers 

included in this literature review provided valuable information that made it possible to 

complete the objectives of this research. 

 

2.1  SNOWSTORM CLIMATOLOGIES  

There have been snowstorm climatologies created for Midwestern states and parts 

on Missouri, but there has not been a heavy snowfall climatology created for the entire 

state of Missouri for the years 1960-2010.  There has been a climatology created for the 

state of Illinois with a time span from 1900-1960.  This climatology was documented in 

Changnon (1969).  Again, it is important to talk about previous research done on the 

topic for locations in Missouri as well as the Midwest United States, since Missouri and 

other Midwestern States share similar climate.  The heavy snowfall climatology for 

Missouri from 1960-2010 that was created for this dissertation research was modeled 

after the climatology in Changnon (1969).  Changnon (1969) determined that a snow 



 

 

8 

event would be in the Illinois climatology if a snowstorm had snowfall 6 inches or greater 

in a 48-hours period or a snowstorm produced conditions leading to property damage, 

injuries, or death in Illinois in a 48-hour period.  Methodology from Berger et al. (2003) 

and Lupo et al. (2005) were also considered when creating and analyzing aspects of the 

1960-2010 Missouri heavy snowfall climatology.  These papers both have snowfall 

climatologies created for specific parts of Missouri.  However, snowfall wasn’t limited to 

a specific amount (six inches or greater) as with Changnon (1969).  Berger et al. (2003) 

and Lupo et al. (2005) started with snowfall of just three inches or greater.  The three 

papers are summarized below.   

 

2.1.1  CHANGNON (1969)  

Changnon (1969) created a detailed climatology of severe winter storms for the 

state of Illinois from 1900-1960.  The purpose of this research was to provide information 

that increases the knowledge of the general climatological aspects of winter storms, 

present statistics on the type and amount of damage these storms produce, to determine 

the meteorological conditions that produce these storms, and to provide information that 

can be used to prepare for these events.  Changnon (1969) used data from January 1900 

through December 1960.  The climatology includes significant snow events and glaze 

(ice) events.  There is a second part of this research that separates out glaze events from 

snow only events for a separate climatology.  That part of the research will be discussed 

in the ice storm section of this literature review.   
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A large portion of the data for the climatology came from Climatological Data 

publications of the U.S. Weather Bureau, which is now the National Weather Service.  

The Climatological Data publications were issued monthly and contained detailed 

information about severe winter storms.  Newspaper articles were also referenced for 

more information about property damaged caused by various winter storms.  The specific 

precipitation data needed for the climatology was taken from monthly issues of 

Climatological Data, 62 weather stations spread across Illinois (data available from 

NCDC), and unpublished records for all of the other U.S. Weather Bureau stations in 

Illinois.  

Before the compiling of the data for the climatology could take place, Changnon 

(1969) had to determine what would be considered a severe winter storm.  It was decided 

that a storm would only go into the climatology if at least one of the following four 

criteria were meet: 

 

 A snowstorm had to produce at least six inches of snowfall in a 48-hour period in 

Illinois. 

 A snowstorm that produced conditions leading to property damage, injuries, or 

death in Illinois in a 48-hour period. 

 A glaze event that was recorded by at least 10% of the U.S. Weather Bureau 

substations in Illinois occurring in 60-hours or less. 

 A glaze event that produced conditions leading to property damage, injuries, or 

death in Illinois occurring in 60-hours or less. 
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Table 2.1  Severe Winter Storm Classifications from Changnon (1969). 
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These criteria were chosen because previous winter storms that had large monetary 

losses to the state of Illinois generally had greater than six inches of snowfall in a 48-hour 

period or covered at least 10% of the state in glaze conditions.  This also agreed with the 

U.S. Weather Bureau’s criteria for a heavy snowfall warning, which would be issued if 

six inches of snowfall or more were expected in 24 hours.  After conducting the analysis 

of the data, 304 storms were identified that met at least one of the previously mentioned 

criteria.  The storms often met more than one of the previously mentioned criteria, thus 

ten categories were created from the original four (Table 2.1). 

From the climatology, it was found that on average there were five severe winter 

storms during the year.  The most events that occurred in one year were 12 and the least 

that occurred in one year was one.   The earliest severe winter storm of any year occurred 

28-30 October 1925.  The latest severe winter storm of any year occurred 1-2 May 1929.  

These also happen to be the only severe winter storms that occurred in October or May.  

Out of all the months, January had the most severe winter storms with 79.   

The climatology also included damage information and monetary loss for each of 

the severe winter storms.  To make all of the events in the climatology comparable, storm 

damage costs were normalized to 1960 dollars.  The normalization to 1960 dollars was 

based on price indices for building materials (Illinois Cooperative Crop Reporting 

Service 1958).  Four damage categories were created to divide the severe winter storms: 
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Table 2.2  Frequency of damaging storms per damage category from Changnon (1969). 

 

 No damage-unknown damage: Storms that result in damage that costs less than 

$1000 or storms with unknown damage. 

 Minor damage: Storms that result in damage that costs between $1000 and 

$10,000. 

 Moderate damage: Storms that result in damage that costs between $10,000 and 

$200,000. 

 Extreme damage: Storms that result in damage that costs greater than $200,000 

and/or caused the death of at least one person. 
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Figure 2.1  Schematic of mid-latitude cyclone classification from Changnon (1969). 

 

One hundred thirty-one storms fell into the category of no damage-unknown damage.  

Since there are storms with unknown damage in this category, these 131 storms were not 

included in the final damage analysis.  Table 2.2 depicts the frequency of damaging 

storms per damage category.  The minor damage category encompassed the most storms 

(besides the 131 that were excluded) with 81 storms.  The moderate damage category 

included 33 storms and the extreme damage category included 58 storms.  There was 

only one storm that was in the minor category that had no glaze and snowfall of less than 

six inches.  

 Storm classification was also performed on the 304 storms included in the 

climatology.  The state of Illinois is located in the path of two predominate large-scale 
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storm tracks between the months of November and April.  In the months of January and 

February, Illinois is in the path of three storm tracks.  From the analysis, Changnon 

(1969) determined that almost all of the severe winter storms that impact the state of 

Illinois are transitory mid-latitude cyclones.  The mid-latitude cyclones that were 

responsible for the 304 severe winter storms in Illinois were categorized by their places 

of origin, places of re-formation, or places of significant intensification.  Analysis was 

performed using published daily surface weather maps from the U.S. Weather Bureau.  

Figure 2.1 from Changnon (1969) depicts the area of cyclogenesis, significant re-

formation, or intensification of mid-latitude cyclones that impact Illinois.   

Type 1 mid-latitude cyclones are referred to as Alberta lows.  Alberta lows form 

in western Alberta, Canada and track eastward into the Great Lakes Basin of the United 

States. Type 1 mid-latitude cyclones only accounted for 34 of the severe winter storms in 

the climatology.   

Lee-cyclogenesis in the Colorado area of the United States led to 182 of the 

severe winter storms in the climatology.  These “Colorado lows” were divided into three 

types depending on their specific location of development and track (Figure 2.1). Type 2 

mid-latitude cyclones accounted for 137 severe winter storms in the climatology.  Type 3 

mid-latitude cyclones accounted for 23 and Type 4 mid-latitude cyclones accounted for 

22.  Type 5 mid-latitude cyclones are cyclones that re-intensify in the Gulf area of Texas 

and Louisiana. They are also referred to as Texas/West Gulf lows.  Texas/West Gulf lows 

were responsible for 74 of the severe winter storms in the climatology.   
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Table 2.3  Number of mid-latitude cyclone classifications and monthly frequency from Changnon 

(1969). 

 

Type 6 consists of severe winter storms that were not caused by the five 

previously mentioned transitory mid-latitude cyclones.  There were 14 storms that fit into 

this category.  Five of the storms resulted from mid-latitude cyclogenesis in the Great 

Lakes Basin.  Four of the storms resulted from mid-latitude cyclones that moved 

northeasterly from just west of the Mississippi River into the Great Lakes Basin. Three of 

the storms resulted from wave centers that were associated with similar mid-latitude 

cyclones that moved across Illinois into the Great Lakes Basin.  Finally, two of the 

storms resulted from frontal passage only.  Table 2.3 depicts the type of mid-latitude 

cyclone, its frequency per month, and the total number of storms per type.    
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2.1.2  BERGER ET AL. (2002)  

Berger et al. (2002) used data from the 1949-1950 winter season through the 

1999-2000 winter season to create a 50-year climatology of snowfall events for northwest 

(NWMO) and central Missouri. The purpose of this research was to develop the 50-year 

snowfall climatology and use it to study long-term trends in interannual variability of 

snowfall as it relates to variations in the El Nino Southern Oscillation (ENSO) and the 

North Pacific Oscillation (NPO).  These teleconnections were chosen because previous 

research has shown that these teleconnections can be linked to variability in the climate 

of the Midwest United States (Kung and Chern 1995; Changnon et al. 1999; Gershunov 

and Barnett, 1998).   

According to the Japan Meteorological Agency (JMA), ENSO is a periodic 

change in sea surface anomalies within an area between 4° S - 4° N, 150° W - 90° W in 

the Pacific Basin.  To determine what phase of ENSO the ocean/atmosphere is currently 

in, a five-month running mean of the spatially averaged sea surface anomalies is used for 

the area of the Pacific Basin mentioned previously (Lupo and Johnston 2000).  If we are 

in the El Niño phase of ENSO for a particular year, then the sea surface anomaly must be 

0.5 °C or more for six consecutive months.  The six months must include October, 

November, and December.  If we are in the La Niña phase of ENSO for a particular year, 

then the sea surface anomaly must be -0.5 °C or less for six consecutive months.  For a 

neutral year, the sea surface anomaly would be between -0.5 °C and 0.5 °C.  A particular 

ENSO “year” would start on 1 October of one year and run through 30 September of the 

next year. 
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Figure 2.2  Image of study region (northwest and parts of central Missouri) from Berger et al. 2002. 

 

The PDO is a long-term fluctuation in the Pacific Basin sea surface temperature 

and has a period of 50-70 years (Mantua et al. 1997; Minobe, 1997).  According to 

Mantua et al. (1997) there are two separate phases of the PDO.  There is a positive phase 

known as +PDO or PDO1 and a negative phase known as –PDO or PDO2.  During the 

positive phase of the PDO there are colder waters in the western and north central Pacific 

Ocean.  The eastern Pacific Ocean will have warmer waters.  During the negative phase 

of the PDO the water conditions in the Pacific Ocean reverse.    

The Missouri Climate Center (MCC) provided snowfall data for the study.  Daily 

weather maps were provided by the National Centers for Environmental Prediction 
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(NCEP).  Figure 2.2 shows the locations in northwest and central Missouri where 

snowfall data was collected from 17 weather observation stations.  There were 398 

snowfall events were identified for the 50-year period, starting with the winter of 1949-

1950.  A 50-year time period was chosen because it was a long enough time period to 

study interannual variability.  A longer period of time was not chosen as snowfall records 

before the late 1940’s were not as reliable due to less cooperative observation sites with 

complete records.  These events were classified by time of year, intensity, and synoptic 

flow regime.  For the study, a snowfall season is defined as beginning on 1 October and 

ending on 30 April.  The snowfall events were divided into seasons with fall events 

occurring during the months of October and November.  Winter events occurred during 

the months of December, January, and February.  Spring events occurred during the 

months of March and April.  Snowfall events were then categorized by intensity.  

Snowfall between 3-5.9 inches was a moderate event; snowfall between 6-9.9 inches was 

a heavy event; and snowfall greater than 10 inches was an extreme event.  For an event to 

be in the climatology, only one station in NWMO had to have snowfall in a particular 

category.   These categorizations generally correspond to the classification of snowfall 

events used by the Pleasant Hill National Weather Service Office.  Snowfall events were 

not limited to a 24-hour time period.   This was done to associate snowfall with its larger 

scale system and not just a time frame.  Finally, the events were categorized into synoptic 

flow regime.  

The four categories for synoptic flow regime were: Northwest Lows, Southwest 

Lows, Progressive Troughs, and Deepening Lows.  After the classifications were made, 

the researchers looked at interannual variability and the different snowfall events.  The 
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specific teleconnections used in this research were the North Pacific Oscillation (NPO) 

and the El Nino Southern Oscillation (ENSO).  Various statistical analysis techniques 

were used to determine NPO and ENSO variability including calculating simple means 

and comparison of means using two-sided “simple standardized test statistic” (𝑍∗; Neter 

et al. 1988, pp. 310-366).     

From the climatology Berger et al. (2002) constructed, they determined that in the 

50 years investigated, most snowfall events occurred in the winter months (December, 

January, and February).  There were more events in the spring months (March and April) 

than in the fall months (October and November).  However, a long-term trend was 

identified, in that fall events were starting to occur more frequently than spring events.  

From the climatology, it was found that Progressive Troughs were the most common 

synoptic regime responsible for snowfall events followed by Southwest, Northwest, and 

Deepening Lows.  The climatology also indicates a downward trend in the snowfall 

events over the years.  More snowfall events occurred in the first three decades of the 

study.  This was most apparent in severe and extreme snowfall events.  These results 

were not found to be significant at the 90% level.   
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Figure 2.3  Image of general study region (southwest Missouri) from Lupo et al. 2005. 

 

 As for interannual and interdecadal variability, it was found that during La Niña 

and Neutral years there were more snowfall events.  During El Niño years, there were 

more snowfall events during the fall months (October and November).  From the 

climatology, it was found there was little variability in snowfall occurrence between the 

positive phase of the NPO (NPO1) and the negative phase of the NPO (NPO2).  

However, there was great variability associated with the ENSO cycle during the different 

phases of the NPO.  During NPO2 (which ran from 1947-1976 and included 1999) there 

was insignificant ENSO variation with respect to snowfall events and flow regime.  The 

ENSO variation was much greater during NPO1 (which ran from 1977-1998).  During 
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NPO1 there were significantly less snowfall events during El Nino years.  This was 

significant at the 80% confidence level. 

 

2.1.3  LUPO ET AL. (2005) 

Lupo et al. (2005) used data from 1949 through 2002 to create a climatology of 

snowfall events for southwest Missouri (SWMO).  Figure 2.3 shows the 32 locations 

where snowfall data was collected in southwest Missouri. The purpose of this research 

was to establish that valuable information about climatological characteristics of 

snowfall-to-liquid (SL) ratios could be obtained from local precipitation records for the 

National Weather Service (NWS) Weather Forecast Office (WFO) in Springfield, MO 

county warning area, and to relate this to the overall synoptic scale environment. Data for 

the study was provided by the Missouri Climate Center (MCC), the NWS WFO in 

Springfield, MO and the Cooperative Observation Program (COOP) weather stations in 

the Springfield, MO WFO county warning area.  Daily weather maps provided by the 

National Centers for Environmental Prediction (NCEP) were used to determine the 

synoptic environment for each snowfall event in the study.  Synoptic flow regime 

composites were created using gridded analysis provided by (NCEP).  

There were 250 snowfall events that were identified for the 54-year period, 

starting with the winter of 1949-1950.  54 years was chosen because it was a long enough 

time period to study interannual variability.  These events were classified by time of year, 

intensity, SL precipitation ratios, and synoptic flow regime.  For time of year, the 

snowfall events were classified into three categories: Fall events occurred during the 
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months of October and November; winter events occurred during the months of 

December, January, and February; and spring events occurred during the months of 

March and April.  For intensity, the snowfall events were classified into three categories: 

Snowfall between 3-5.9 inches was a moderate event; snowfall between 6-9.9 inches was 

a heavy event; and snowfall greater than 10 inches was an extreme event.  Snowfall 

events were not limited to a 24-hour time period.  This was done to associate snowfall 

with its larger scale synoptic pattern and not just a specific time frame.  For an event to 

be in the climatology, only one station in SWMO had to have snowfall in a particular 

category.  For SL precipitation ratios, the snowfall events were classified into four 

categories: 10 inches of frozen precipitation to 1 inch of liquid precipitation or less (10:1 

or less), 10:1-14:1, 14:1-18:1, and 18:1 or greater.  These categorizations were chosen so 

that the mean (12:1) of the overall SL ratio data set resided within a category.  This is 

similar to the methodology of Roebber et al. (2003).  The SL ratios were calculated from 

observations at the NWS WFO in Springfield, MO.  Finally, for synoptic flow regimes, 

the snowfall events were classified into 4 categories: Northwest lows, Southwest lows, 

Progressive Troughs, and Deepening Lows.  After the classifications were made, the 

researchers looked at interannual and interdecadal variability and the different snowfall 

events.  The specific teleconnections used in this research were the Pacific Decadal 

Oscillation (PDO) and the El Niño Southern Oscillation (ENSO).  

From the climatology Lupo et al. (2005) constructed, they determined that in the 

54 years investigated, SWMO has had fewer snowfall events than Northwest Missouri 

(NWMO) and most of the snowfall events for SWMO fell into the moderate intensity 

category and occurred during the winter months of December, January and February.  
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They did not find any statistically significant trend toward more or less snowfall events 

over time.  Snowfall events for SWMO were mainly contributed to three synoptic flow 

regimes: The Southwest Low, the Progressive Trough, and the Deepening Low.  The 

Northwest low regime did not produce significant snowfall events very often.  For SL 

ratios, it was found that 60% of the snowfall events contained SL ratios less than 12:1.  

These would be considered lower SL ratios.  Snowfall events during the winter season 

had SL ratios that were spread evenly between low and high SL ratios when compared to 

the fall and spring events.  The reason for this is thought to be the colder and drier air 

associated with winter synoptic regimes.  Larger snowfall amounts but lower SL ratios 

were found with Deepening Lows and particularly for Southwest Lows.  Northwest Lows 

and Progressive lows were more often attributed to moderate snowfall and higher or 

lower SL ratios.  Interestingly, there were no snowfall events with high SL ratios and 

high snowfall amounts.   

As for interannual variability, there was variability found, but only for ENSO.  

There was no variability found for longer-term changes related to climate change.  For 

ENSO variability, it was found there were higher numbers of snowfall events with lower 

SL ratios during the El Nino phase of ENSO.  Also, Southwest Low events occurred 

more often during the El Niño and neutral phases of ENSO, while Northwest Low events 

occurred more often during La Niña and neutral phases of ENSO.  Winters that fell into 

the neutral phase of ENSO had more snowfall events then winters during the El Niño and 

La Niña phases.  However, this was not statistically significant.     

For interdecadal variability and the PDO, it was found that during the PDO2 

period (which runs from 1949-1976 and 1999-2003), winters during El Niño phases of 
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ENSO had more snowfall events.  It was found that during the PDO1 period (which runs 

from 1977-1999), winters during the La Niña and neutral phases of ENSO had more 

snowfall events.  These results were significant at the 90% confidence level.  

 

2.2  ICE STORM CLIMATOLOGIES 

There have been ice storm climatologies created for Midwestern states and 

Missouri, but there has not been an ice storm climatology created for state of Missouri for 

the years 1960-2010.  There has been a climatology created for the state of Illinois with a 

time span from 1900-1960.  This climatology was documented in Changnon (1969).  The 

author determined that an event would be in the climatology if 10% of the U.S. Weather 

Bureau substations in Illinois showed glaze conditions occurring in 60-hours or less or a 

glaze event produced conditions leading to property damage, injuries, or death in Illinois 

occurring in 60-hours or less.   

Sanders et al. (2013) recently created an ice storm climatology that included 

Missouri, but was only from 1979-2009 and only for ice storms with 0.75 inches of ice 

accumulation or greater.  Sanders et al. (2013) did collect data for ice storms with 0.25 

inch of ice accumulation or greater, but these events were not further analyzed in the 

paper.  Methodology from both papers were also considered when creating and analyzing 

aspects of the climatology 1960-2010 Missouri climatology.  These two papers are 

summarized below.  
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2.2.1  CHANGNON (1969) 

Changnon (1969) created a detailed climatology of severe winter storms for the 

state of Illinois from 1900-1960.  The purpose of this research was to provide information 

that increases the knowledge of the general climatological aspects of winter storms, 

present statistics on the type and amount of damage these storms produce, to determine 

the meteorological conditions that produce these storms, and to provide information that 

can be used to prepare for these events.  This section of the climatology that Changnon 

created depicts glaze events during the 1900-1960 period.  Since the methodology of this 

climatology was already discussed in the snowstorm climatology section of this literature 

review, only the results will be mentioned.   

In the 61-year period there were 92 storms that produced glaze that either caused 

damage or covered at least 10% of the state of Illinois.  These 92 storms account for 30% 

of the complete severe winter storms climatology. It was found that 34 of the 92 storms 

were glaze events with snowfall less than 6 inches.  It was found that 58 of the 92 were 

glaze events with snowfall of six inches or greater.  During an average 10-year period 

there were 15 severe ice storms that impact the state of Illinois.  From climatology it was 

found the greatest number of severe ice storms occurs in the months of December and 

January (Table 2.4).   

 



 

 

26 

 

Table 2.4  Number of glaze storms and monthly frequency from Changnon (1969). 

 

 

Figure 2.4  Study domain NWS county warning areas: Kansas City/Pleasant Hill, MO (MCI); Little 

Rock, AR (LIT); Memphis, TN (MEM); Norman, OK (OKC); Paducah, KY (PAH); St. Louis, MO 

(STL); Springfield, MO (SGF); Topeka, KS (TOP); Tulsa, OK (TUL); and Wichita, KS (ICT) from 

Sanders el al. (2013). 
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2.2.2  SANDERS ET AL. (2013) 

Sanders et al. (2013) created a 30-year ice storm climatology for the central 

United States from 1979-2009.  Only ice storms with accumulation of 0.75 inches or 

greater were included for further analysis in the climatology.  0.75 inches or greater 

events were chosen, so that only the most destructive events were in the final 

climatology.  The domain for the study was the central United States National Weather 

Service (NWS) County Warning Areas (CWAs) (Figure 2.4).  This domain was chosen 

because past research (Rauber et al. 2001) identified southern Missouri as an area where 

ice storms are frequent.  Southern Missouri NWS CWA and the surrounding CWAs were 

included in the domain.  The domain was chosen to be large enough to capture enough 

ice storm events for compositing, but not large enough to bring in geographical 

differences that could influence the data.    

The purpose of this research was to determine the characteristics of ice storms in 

the central United States.  Determining the environmental conditions associated with ice 

storms will help with situational awareness, which will be beneficial for emergency 

crews for both the city, county, and state; as well as the general public.  Data for the 

climatology came from event archives from the ten NWS Weather Forecast Offices in the 

study domain, the Ice Storm Database from the Cold Regions Research and Engineering 

Laboratory, and Storm Data from the National Climatic Data Center.  
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Figure 2.5  A conceptual model of synoptic and mesoscale environments for major ice storms in the 

central United States. Features include the following: 300-hpa jet axis (purple arrow); 500-hpa 

trough axis (brown dashed); 850-hpa jet axis (red arrow); mixing ratios (green solid), and moisture 

axis (green dashed); 3 °C isotherm between the surface and 500-hpa (yellow dashed); highest 

probability of freezing rain (pink shaded); 2-m 0 °C isotherm (red-and-blue dashed); and sea-level 

pressure (black solid) from Sanders et al. (2013). 

 

A total of 51 ice storms were identified that had ice accumulation of 0.25 inches 

or greater between January 1979 and March 2010.  Of the 51 ice storm events identified 

37 of those events had ice accumulations of 0.75 inches of greater.  These 37 events were 

further analyzed using the North American Regional Reanalysis (NARR).  The 37 events 

were categorized by the orientation of the 2-m 0° isotherm at the start of the event.  Of 

the 37 events, 24 of the events were oriented southwest to northeast, seven of the events 

were oriented west to east, and six of the events were oriented northwest to southeast.   
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The 24 events with southwest to northeast orientation events were investigated 

further and it was found that 20 of the events were associated with an arctic 

front/anticyclone.  According to Rauber et al. (2001), the arctic front/anticyclone is the 

most prevalent synoptic pattern associated with freezing precipitation.  Those 20 events 

were then used in composite analysis. From the composite analysis a conceptual model of 

the synoptic and mesoscale environment for major ice storms in the central United States 

was created (Figure 2.5). 

Using the conceptual model derived from the composite analysis, ice storm 

thresholds were analyzed in the study.  At the 2-m 0 °C isotherm located near the 

Oklahoma and Missouri border there was an 80% probability of freezing rain.  Near the 

center point of the composite there was a 70% probability of an observing station 

recording over ten hours of freezing rain.  From this data, results point to the duration of 

freezing rain events being a major factor in amount of ice accumulation.  This is also 

evident in the fact that in 50% of the 20 ice storm events used in the composite there was 

an elevated warm-layer maximum temperature that exceeded 6 °C.  In 70% of the 20 ice 

storm events there was an elevated warm-layer maximum temperature that exceeded 3 

°C. 
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Table 2.5  Ice storm data sources from Changnon and Creech (2003). 
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2.3  ACCURACY OF ICE STORM DATA IN CLIMATOLOGIES 

Ice storm data proves to be difficult to analyze, collect, and authenticate when 

compared to snowfall data.  It was important to include research on methodology and 

limitations of ice storm data because ice storm data is used to create the 1960-2010 

Missouri climatology.  Changnon and Creech (2003) specifically discusses these 

challenges and is a good reference for this research since the lead author of this paper was 

also the author of the paper (Changnon 1969), which the 1960-2010 Missouri ice storm 

climatology was designed after.  Changnon and Creech (2003) is summarized below.   

 

2.3.1  CHANGNON AND CREECH (2003) 

Changnon and Creech (2003) investigated various sources for ice storm data and 

the usefulness and accuracy of these data sets.  The purpose of this research was to 

identify and assess data sources available on freezing rain and damages from freezing 

rain.  This research was part of a project to develop long-term databases.  Data for ice 

storms needs to be derived from various sources because each source alone is not 

inclusive or detailed enough for climatological assessments.  The reviewed sources for 

ice storm data is listed in Table 2.5. 

First order stations (FOS) data from NCDC have been found to only be accurate 

for determining days with freezing rain when using hourly reports.  There were around 

230 FOS stations across the United States in the year 2000 and only 160 prior to 1960.  

Cooperative substations operated by volunteers for the National Weather Service have 
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recorded freezing rain occurrence since the 1940’s.  However, volunteers have often 

neglected freezing rain reporting since they were instructed to focus more on temperature 

measurements and the amount of precipitation.  From 1945-2000 there were 2600 

stations that had complete records of hail and thunder reporting.  Of those 2600 stations, 

760 had complete records of freezing rain occurrence over a 20-year period (Changnon 

2002).   

There are only three major sources for data on economic loss from ice storms.   

These sources are the National Weather Service, case studies that have been published, 

and property insurance loss data.   Storm Data Publications have included ice storm data 

since 1959; however, the data can be inconsistent and incomplete (Branick 1997; 

Changnon 1997).  They are still a useful source for historical data and can be used in 

conjunction with other data sets.  Published case study papers are useful in identifying 

damage information from ice storms, but they vary in quality.  Starting in 1949 the 

property insurance agency has recorded all natural disasters that caused one million 

dollars or more in damage.  This record has been used to identify ice storm events.  The 

American Association of Railroads conducted field studies in the 1920’s and 1930’s to 

determine ice load on wires.  Unfortunately, the database they created was lost.  There is 

summarized data from their findings from the winter seasons of 1927-1928 and 1935-

1936 (Changnon 2002).  The American Society of Civil Engineers have made model 

estimations of ice loading on structures but a lack of physical ice load and thickness 

measurements degrade model accuracy.               
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2.4  INTERANNUAL AND INTERDECADAL VARIABILITY IN THE 

MIDWEST AND MISSOURI 

  Interannual and interdecadal variability in the atmosphere can have impacts on 

weather and climate in Missouri and the surrounding Midwestern states.  Since this 

research is investigating the impacts of interannual and interdecadal variability on heavy 

snowfall in Missouri, it is important to talk about previous research done on the topic for 

locations in Missouri as well as the Midwest. Missouri and other Midwestern States share 

similar climate due to their location deep inside the landmass of North America, their 

location to the polar jet stream, impacts from transitory mid-latitude cyclones, and 

proximity to the Great Lakes (Andresen et al. 2012).  Birk et al. (2010) discusses 

interannual and interdecadal variability in conjunction with temperature and precipitation 

measurements in the Midwestern United States.  Dawson et al. (2011) discusses 

interannual and interdecadal variability of tropical cyclones in the Atlantic and Pacific 

Oceans that impact Missouri as related to fluctuations in the PDO, ENSO, and the 

Atlantic Multidecadal Oscillation (AMO).  These two papers have similar methodology 

when it comes to analyzing interannual and interdecadal variability associated with 

different weather events that impact Missouri and the Midwestern United States.  These 

papers were useful in creating the methodology for the interannual and interdecadal 

variability analysis on heavy snowfall in Missouri as were Berger et al. (2002) and Lupo 

et al. (2005).  Birk et al. (2010) and Dawson et al. (2011) are summarized below. 
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Table 2.6  Phases of the El Niño Southern Oscillation (ENSO) and periods of time from Birk et. al 

(2009). 

 

 

Table 2.7  Phases of the Pacific Decadal Oscillation (PDO) and periods of time from Birk et al. 

(2009). 
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2.4.1  BIRK ET AL. (2010) 

Birk et al. (2010) investigated interannual and interdecadal variability in 

conjunction with temperature and precipitation measurements in the Midwestern United 

States.  They specifically looked at the Pacific Decadal Oscillation (PDO) and the El 

Niño Southern Oscillation (ENSO).  The purpose of the research is to determine if 

interdecadal variability associated with the PDO can act to modify ENSO related 

interannual variability in the climate of the Midwestern Unites States.  Studies by Gu and 

Philander (1995), Mokhov et al. (2000, 2004), and Gershunov and Barnett (1998) 

supported this theory.   

Birk et al. (2010) chose a time period of 105 years from 1900-2004, in that the 

long time period would be sufficient for identifying interannual and interdecadal 

variability.  This 105-year time period had to be viewed in terms of the ENSO and the 

PDO cycles (Tables 2.6 and 2.7).  The dataset used for the research consisted of a time 

series of mean monthly temperature and precipitation measurements from first-order 

stations across Missouri and the states adjacent.  Twenty-four stations were chosen at 

random from Missouri, Iowa, southeastern Nebraska, eastern Kansas, northern Arkansas, 

western Illinois, northeastern Oklahoma, and southern Minnesota.  For a station to be 

considered for the study it had to meet three criteria: 

 

 The time series had to stretch back to 1900. 

 The station cannot have moved more than twice during the length of its data set. 

 The dataset from the station could not be missing more than 10% of its data. 
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If a month had missing data, the missing data was replaced with the time series 

mean for the specific month.  It is assumed that this criterion was chosen to insure an 

accurate and complete data record for the analysis. To determine periods of significant 

interannual and interdecadal variability in the previously mentioned time series, methods 

from Mokhov et al. (2004) were used with a modified filtering technique from Lupo et al. 

(2007).  Temperature and precipitation data were binned into their specific ENSO and 

PDO phases with similarity to the methodology in Changnon et al. (1999).  Statistical 

analysis was then used to analyze and relate ENSO and PDO variability.   

Phase plot and power spectrum analysis demonstrated that there was significant 

PDO-related interdecadal variability and significant ENSO-related interannual variability 

during the 105 year time series of monthly average temperature and precipitation 

measurements in the Midwest.  There were significant time periods of interannual and 

interdecadal variability from 1900-2004.  These time periods were years 4-5, 12-15, and 

22.  Other analysis showed that during the +PDO phase, El Niño events were associated 

with temperatures that were above normal.  This was most obvious during the winter and 

spring months and in the northern region of the Midwest.  Above normal precipitation 

was observed during El Niño events in the far northwest section of the Midwest, 

especially in the spring months.  This did not transfer to the southeastern section of the 

Midwest were there was below normal precipitation during the spring and summer 

months.   

During the –PDO phase, La Niña events were associated with temperatures that 

were above normal during the fall and winter months and in the southern part of the 

Midwest.  Below normal precipitation was observed during La Niña events during the 
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spring months in the western 2/3 of the Midwest.  From this research it is apparent that 

ENSO events are greatly influenced by the phases of the PDO, specifically when the 

+PDO phase and El Niño events are coupled and when –PDO phase and La Niña events 

are coupled.  It is understood by the authors that these significant periods of variability 

may only be relevant for the time period between 1900 and 2004.  Studies such as Biondi 

et al. (2001) have shown that recently discovered interdecadal variation is less substantial 

in proxy data records from before the 20th century.   

 

2.4.2  DAWSON ET AL. (2011) 

Dawson et al. (2011) investigated interannual and interdecadal variability of 

tropical cyclones in the Atlantic and Pacific Oceans that impact Missouri as related to 

fluctuations in the PDO, ENSO, and the Atlantic Multidecadal Oscillation (AMO).  

Previous studies (Hoyos et al. 2006; Zuki and Lupo 2008; Emanuel et al. 2008) have tried 

to relate sea surface temperature (SST) driven oscillations (ENSO and PDO) to increased 

tropical cyclones.  Vimont and Kossin (2007) suggested that there might be a connection 

between the AMO and tropical cyclone frequency.  The purpose of this research is to 

understand the association between the number of tropical cyclones remnants that impact 

Missouri, the synoptic patterns that correspond to these tropical cyclone remnants, and 

the association to climate variability.   

The AMO is a 70-year oscillation in North Atlantic sea surface temperatures.  It 

can be separated into two phases like the PDO.  The warm or positive phase of the AMO 

(+AMO) occurs with warm water transport into the North Atlantic.  It is also associated 
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with a faster thermohaline circulation.  The positive phase of the AMO occurred from 

1926-1964 and from 1996-present.  The cold or negative phase of the AMO (-AMO) is 

associated with cooler water transport into the North Atlantic and a slower thermohaline.  

The negative phase of the AMO occurred from 1965-1995. 

Data for the study was gathered from The Atlantic Best Storm Tracks from 1851-

2012 from the Unisys tropical database http://weather.unisys.com/hurricane/atlantic/.  

The tropical cyclones chosen for the study had to have impacted the state of Missouri. A 

tropical cyclone was deemed to have impacted Missouri if the center crossed 35° N 

latitude, and was between 87.5° and 97.5° W longitude.  Thirty-five tropical cyclone 

were discovered the meet the previously mentioned criteria.   

From the study it was found that tropical cyclones that impact Missouri are 

influenced more by changes in the PDO than the ENSO cycle.  Changes in the AMO also 

impacted tropical cyclone frequencies.  However, the authors note that with the chosen 

method of determining tropical cyclones that impact Missouri the tropical cyclone 

frequencies for the study may be lower than real-life observations.  

 

2.5  ECONOMIC LOSS FROM EXTREME WEATHER EVENTS 

In order to perform economic loss and impact analysis on severe winter storms in 

Missouri, it is important to understand the methodologies and limitations associated with 

this type of analysis.  The following papers discuss economic loss and impact analysis of 

ice storms, snowstorms, and extreme weather in general for various locations across the 

United States.  DeGaetano (2000) discusses economic impacts from one particular ice 
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storm event that occurred on 1998.  The author performed the analysis not long after the 

event, thus there was no need to account for inflation over time. Changnon et al. (2000) 

discusses the societal factors that can attribute to economic losses.  Changnon (2003) 

discusses the difficulties in collecting and analysis economic loss data for severe weather 

events.  Eisenberg and Warner (2005) looked specifically at automobile accidents caused 

by snowfall in the United States.  Grout et al. (2012) looked at significant winter weather 

events over a longer period of time in the state of Oklahoma from 1 November 1999-1 

May 2010.  Smith and Katz (2013) investigated the methodology and data sets used to 

create the U.S. Billion-dollar Weather/Climate Disaster report.  This report used events 

from 1980-2011.  The authors discuss how to adjust amounts for inflation and what 

datasets were used for the analysis.  All of these papers have provided guidance in 

completing the economic analysis section of this research.  These six papers are 

summarized below.   
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Table 2.8  Summary of total economic loss (millions of dollars) for the 4 Janaury-10 January 1998 ice 

storm that impacted New York, Maine, New Hampshire, and Vermont from DeGaetano (2000). 

 

 

 

 

 

 

 

 



 

 

41 

2.5.1  DEGAETANO (2000) 

DeGaetano (2000) discusses the economic impacts from a 1998 ice storm that 

impacted parts of New York, Maine, New Hampshire and Vermont from 4 January – 10 

January.  Economic impact data was collected from numerous sources including the 

National Climatic Data Center (NCDC), local newspapers, electrical companies (New 

York’s Niagra Mohawk Power Corporation (NiMo) and Central Maine Power (CMP) 

were impacted the most), New York’s Cornell Cooperative Extension (provided dairy 

and maple syrup losses ), American Veterinary Medical Association (reported losses 

from the Vermont dairy industry), Federal Disaster Relief Bill created from the 

event (contained costs of restoring forests), U.S. Forest Service, and the Insurance 

Service Institute (ISI).  

This particular ice storm was very damaging causing a total of 175 million in 

insured losses.  Even worse, there were 17 deaths attributed to the event.  During the peak 

of the event 500,000 electric customers in the United States were without power due to 

the storm.  The widespread power outage caused significant problems for regional dairy 

farmers.  The loss of dairy cows and milk production was substantial.  The ice storm also 

impacted the maple syrup industry due to tree and collection equipment damage.  The 

total economic loss in the United States due to this storm was greater than 1 billion 

dollars (Table 2.8).   
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2.5.2  CHANGNON (2000) 

Changnon (2000) discusses the human factors that can explain increased 

economic losses from extreme weather events.  Over the years, economic losses from 

catastrophes, which are defined by the property insurance industry as weather events 

causing insured losses greater than five million dollars in the year they occur, have 

increased from 100 million dollars per year in the 1950’s to six billion dollars per year in 

the 1990’s.  Also, the number of these events has increased from 10 per year in the 

1950’s to 35 per year in the 1990’s (Changnon 1999b).  Catastrophes that caused 

property insurance losses greater than $100 million occurred 72 times during the six 

years between 1990 and 1996.  However, in the 40 years between 1950 and 1990 only 

142 events occurs.  
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Figure 2.6  Graph from Changnon et al. (2000) showing annual insured property losses from extreme 

weather in the United States from 1950-1996 divided by the annual U.S. population from 1950-1996.  

This results in a cost in dollars per person.   

 

 Insurance loss data is deemed as one of the best records of economic losses from 

weather events in the United States.  However, the data needs to be adjusted for inflation, 

liability (amounts and location) in land and property values, and increases in wealth 

(Changnon and Changnon 1998).  After adjustment, the 72 catastrophes causing greater 

than $100 million dollars only averaged $551 million in losses per event in the 1990’s.  

This was only $12 million more than the average of the 142 catastrophes that concurred 

from 1950-1990.  This shows that the intensity of weather events have not substantially 

changed from 1950-1996.  Hurricane losses since 1920 (after adjustment) have been 

decreasing with time.  This is different than raw dollar losses, which have been 

increasing. This decrease in adjusted losses corresponds to a downward trend in the 

number of hurricanes over the years (Pielke and Lansea 1998).  After adjustment, hail 
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losses showed a peak in the 1990’s, but this peak was comparable to peaks in the 1950s 

and 1960s (Changnon 1997b).   

Population increase is thought to be a factor in the increase in annual insured 

property losses in the United States.  Figure 2.6 shows annual insured property losses in 

the United States from extreme weather divided by annual U.S. population from 1950-

1996.  This gives us a per person loss in dollars. There is a flat trend from 1949-1996 

with peaks corresponding to major hurricane landfalls.    

It has been determined that after adjustment, storm loss data does not show an 

increase of economic losses over time.  The major causes of an increase in the raw 

insurance loss numbers are societal factors.  These factors are the growth of wealth 

(increased value of property), increased density of property, and urbanization or growth 

in coastal and storm-prone regions of the country (Kunkel et al. 1999).  Investigations 

into the economic losses from Hurricane Andrew indicated that building codes had not 

been followed which increased economic losses by 4-6 billion dollars (Roth 1996).   

Loss of life from extreme weather events has not increased like the monetary 

costs have over the years.  Fatalities caused by hurricanes, tornadoes, and severe storms 

have either decreased or have remained the same in the last 20 years (most likely due to 

improved warning systems, better understanding of the risks, and better alert systems).  

The only increases in fatalities come from flooding events and heat waves (Kunkel et al. 

1999).  There may be more deaths from heat waves now then previous years due to 

increased age of population segments and increased poverty levels (Changnon et al. 

1996).  Increased rates of deaths from floods may be due social behavior, but increased 
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number of flooding events may also contribute.  The increased number of deaths from 

flooding is still being debated (Pielke 1999). 

 

2.5.3  CHANGNON (2003) 

Changnon (2003) discusses the difficulties in determining the economic impact of 

extreme weather.  Loss data from extreme weather events are often difficult to obtain and 

not very accurate.  Also, researchers using the data must know how to adjust the data for 

changing conditions that may impact the amount of economic loss.  Economic loss from 

extreme weather events is very difficult to assess due to: 

 

 Limited available data for particular extreme weather events. 

 Impact data are often difficult to obtain. 

 Data that are available are often difficult to analyze without specialized 

training or experience with the data set. 

 

It is important to keep these limitations in mind when doing economic impact analysis on 

extreme weather events.  However, due to the necessity of accurate economic impact data 

for extreme weather events, government entities and national research laboratories are 

trying to lessen and remove these limitations.  

Changes in society and how we are impacted by extreme weather has also 

changed over time which can make it difficult to estimate economic losses and whether 

or not specific meteorological events are increasing or decreasing.  Some of the societal 
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changes that have occurred recently (last 10-25 years) that are related to inflated 

economic loss amounts are population growth, movement of people of specific 

demographics, increasing wealth, and poor construction methods.  All of these factors 

increase society’s vulnerability to extreme weather events (Changnon 2000).   

   

2.5.4  EISENBERG AND WARNER (2005) 

Eisenberg and Warner (2005) discuss the effects of snowfall on automobile 

accidents.  The purpose of this research was to understand the effects of the first snowfall 

of the year on automobile accidents.  It was important to the authors to understand the 

effects because there are technology and engineering advancements that could reduce 

automobile crashes in snowy weather, but they would be costly to implement.  At the 

time this research was performed, analysts estimated the economic loss from weather-

related automobile crashes was $42 billion dollars.   

Eisenberg and Warner (2005) collected automobile accident data for the 

contiguous 48 states from 1975 to 2000.  The crashes were separated into 3 categories: 

fatal, nonfatal injury, and property damage only.  Automobile crash data was collected 

from the National Highway Traffic Safety Administration’s (NHTSA) Fatal Accident 

Reporting System. 1.4 million fatal crashes were included in the analysis.  Data for 

nonfatal injury and property damage only crashes were collected from the NHTSA’s 

State Data System.  A subsample of 17 states was available during the 1990’s.  Total, 

there were 13.5 million nonfatal injury crashes and 22.9 million property damage only 

crashes used for the analysis.  
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Snowfall data in centimeters was collected from the National Climatic Data 

Center’s (NCDC) Cooperative Summary of the Day.  Data from weather stations were 

averaged and weighted by weather division areas to create a state figure.  Sleet and liquid 

precipitation were included in the analysis as a control variable.  Days with no 

precipitation were considered base line days.  Days with rain (this also included sleet) 

were defined as days having precipitation, but snowfall could not be 0.5 cm or greater.  

Days with snow were defined as days with snowfall greater or equal to 0.5 cm.  The first 

snowfall of the season for a state is defined as a day with 0.5 cm or greater snowfall after 

a period of 100 days with no days with snowfall of 0.5 cm or greater.   

Eisenberg and Warner (2005) used various statistical analyses to analyses 

automobile crashes and weather data.  Bivariate analysis with 𝜒2 tests was used to 

compare automobile crash rates across different categories.  Multivariate analysis was 

conducted by negative binomial regression, which is a general version of the Poisson 

regression.  

 

𝐶𝑠𝑡~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜇𝑠𝑡) 

 

                                where,   𝜇𝑠𝑡 =  𝑒(𝑋𝑠𝑡𝛽+𝑜𝑓𝑓𝑠𝑒𝑡𝑠𝑡+𝑢𝑠𝑡)                                       (1) 

 

                                      and   𝑒𝑢𝑠𝑡~ 𝐺𝑎𝑚𝑚𝑎( 
1

𝛼
,

1

𝛼
) 
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Table 2.9  Table from Eisenberg and Warner (2005) showing the crash rates of days with 

precipitation relative to days without precipitation.  IRR is the incidence rate ratio and CI is the 

confidence interval. 

 

 

 

Table 2.10  Table from Eisenberg and Warner (2005) showing crash rates for days with snowfall, 

adjusted for potential confounders.  IRR is the incidence rate ratio and CI is the confidence interval.  

The potential confounders were: (1) the time since last precipitation; (2) rainfall on days with 

snowfall; (3) state, year, and month fixed effects.  These factors were adjusted for with negative 

binomial regressions.  

 

 

𝐶𝑠𝑡 is the crash count for a specific observation per state (s) and time (t).  𝑋𝑠𝑡 is the vector 

that includes the independent variables of interest.  These independent variables are 

snowfall and precipitation without snowfall.  𝑋𝑠𝑡 also includes dummy variables for fixed 

effects in the state, year, and month.  𝑂𝑓𝑓𝑠𝑒𝑡𝑠𝑡 is the amount of exposure for an 

observation.  Estimated vehicle miles traveled for each state-year was used for this.  The 
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data was collected from the Federal Highway Administration (FHWA).  Standard errors 

were determined by using a Huber-White estimator of variance clustered by state.   

 Table 2.9 shows automobile crash rates as proportions of rates on dry days, rain 

days, non-first snow days, and first snow days.  Non-first snow days (snow days with at 

least 0.5 cm of snow that are not the first snowfall of the season) accounted for 97% of 

total snow days.  On non-first snow days, non-fatal injury and property damage only 

crashes increased.  However, fatal crashes decreased.  First snow days saw greater 

increases in fatal crashes than non-first snow days.  From this it was concluded that first 

snow days of the season were more dangerous with more fatal crashes occurring then on 

non-first snow days. 

 Table 2.10 shows crash rates of days with snow compared to dry days.  This data 

has been adjusted for potential confounders.  The results are similar to the results of the 

unadjusted data in table 2.9. 

 Figure 2.7 shows the effects of snowfall on automobile crashes with 

varying age of the driver. The numbers in figure 2.4 are estimated in regressions that are 

comparable to the results in table 2.10.  Driver’s that were greater than 65 years old and 

drivers younger then 18 years old were more likely to have fatal crashes on the first 

snowfall when compared to other age groups.  The reason for this could be that these age 

groups tend to avoid snowy conditions, but could be surprised by first snowfalls.  On 

non-first snowfall days, 30-50 year olds were more likely to have fatal crashes.  A 

possibility for this is that 30-50 years olds were more likely to be out on the roads during 

snowy conditions due to work commitments.  
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Figure 2.7  Graph from Eisenberg and Warner (2005) showing the rates of fatal automobile crashes 

during days with snowfall compared to days without snowfall.  The data has been separated out by 

age of driver and if it was a first snowfall day or not.  
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Figure 2.8  Image from Grout et al. 2012 showing the distribution of storm types across Oklahoma 

from 1 November 2000-1 May 2010: (a) ice storm reports, (b) heavy snow reports, (c) winter storm 

reports, (d) blizzard reports, (e) winter weather reports, and (f) all reports (excluding winter 

weather). 
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2.5.5  GROUT ET AL. (2012) 

Grout et al. (2012) discusses the economic impacts from significant winter 

weather events on the state of Oklahoma from 1 November 1999-1 May 2010.  The 

purpose of the research was to determine the how relevant these events were 

climatologically and to understand the economic impacts from these events using federal 

aid expenditures.  For their research, Grout et al. (2012) primarily used two different data 

sets.  The first data set came from NCDC Storm Data Publications.  The Storm Data 

Publications were used to identify various winter weather events that occurred in 

Oklahoma from 1 November 1999-1 May 2010.  The second data set came from the 

Federal Emergency Management Agency (FEMA).  The data from FEMA was used to 

determine specific areas of Oklahoma impacted by significant winter storm events from 1 

November 1999-1 May 2010 and to create a baseline of economic data for each event.    

Data from the Storm Data Publications were compiled to show the number of ice 

storm reports, heavy snowfall reports, winter storm reports, blizzard reports, winter 

weather reports, and all reports (excluding winter weather).  Figure 2.8 is an image from 

Grout et al. (2012) showing the locations of these reports by county in Oklahoma.  It was 

found that when their analyses were compared to past climatologies, the number and 

strength of extreme winter weather events from 1 November 1999-1 May 2010 were 

anomalously large throughout the state of Oklahoma.  This was especially true for the 

central and southern portions of Oklahoma.  
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Figure 2.9  Image from Grout et al. 2012 showing the number of federal disaster declarations (a), 

amount of federal aid distribution (b), and the amount of federal air per capita (c) for counties in 

Oklahoma from 1 November 2000-1 May 2010. 
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Using the data from FEMA, it is shown there were 9 major disasters declarations 

from significant winter weather for the state of Oklahoma from 1 November 1999-1 May 

2010.  During that time period, Oklahoma had the most major disaster declarations of any 

state in the United States.  These 9 declarations cost the federal government almost 800 

million dollars in total aid.   Figure 2.9 is an image from Grout et al. (2012) that shows 

major disaster declarations, the amount of federal aid received, and the federal aid per 

capita given out to counties in Oklahoma.   

The research by Grout et al. (2012) found that although the most populated 

counties in Oklahoma received the greatest monetary aid from the federal government, 

the more rural counties in Oklahoma had: 

 

 Received the majority of the aid from the federal government. 

 Greater per capita cost than counties with greater populations. 

 

Thus, from this research, it was found rural areas in Oklahoma are more impacted from 

significant winter weather due to limited resources and require more federal assistance 

than more populated areas.  
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2.5.6  SMITH AND KATZ (2013) 

Smith and Katz (2013) identified all billion dollar or greater weather and climate 

disasters that occurred in the United States from 1980-2011.  The purpose of this research 

was to take the U.S. Billion-dollar Weather/Climate Disaster report and make 

recommendations on the current methodology for making these assessments, so that the 

quality of the billion-dollar dataset can be improved.  The events in this paper had to have 

caused losses of 1 billion dollars or greater when adjusted for inflation using the 

Consumer Price Index (CPI).  The adjustment was made to what the cost would be in if 

the event occurred in 2011. This undertaking was a major effort driven by the National 

Climatic Data Center (NCDC).  NCDC worked with economic experts and consulting 

partners to evaluate data sources and methodologies used to identify the events and to 

estimate losses from these events.  There were 133 events identified.  Ten of the events 

were winter storms.  Damages from these ten events were totaled at 29.3 billion dollars 

(after adjusting for inflation to 2011 dollars). Their percent frequency (when compared to 

other billion dollar weather and climate events) was 7.5%.  

  Data for the ten winter storms was collected from the Insurance Services Office 

(ISO) Property Claim Services, Federal Emergency Management Agency (FEMA) 

Presidential Disaster Declarations (PDD), the United States Department of Agriculture 

(USDA) Risk Management Agency (RMA), and state agencies. Data from these sources 

were deemed to be the most reliable and inclusive.  
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Table 2.11 Table from Smith and Katz (2013) showing methodology for calculating losses from 

weather and climate events using a factor approach to convert from insured to total losses. 

 

 

In order to calculate the total losses from an event, Smith and Katz (2013) had to 

develop an equation that dealt with the biases and limits of the data provided.  Table 2.11 

lists the methods for calculating losses from various weather and climate events.  For this 

research, it is important to understand the calculations for winter storms.  

Property Claim Services (PCS): several studies from the Insurance Information 

Institute (III) and the National Association of insurance Commissioners (NAIC) have 

found that in the 30 plus year time frame from the 1980’s-2011, 83%-95% of residences 

carried multi-peril insurance policies (policies that cover a wide range of natural 

disasters).  This figure does not include residences that cannot afford insurance or renters 

that often do not purchase insurance for their personal property.  With these factors 

considered the authors approximated that 80% of losses will be covered during a severe 

weather outbreak (ISO/Gary Kerney personal communication 2012).  The PCS data is for 

insured losses involving commercial, residential, and vehicle claims.  For the equation in 
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Table 2.11 PCS insured losses are multiplied by 1.25 for events with less than $1 billion 

in insured losses for a single state after CPI adjustment.  For the most extreme events, it 

is likely that not all properties will have insurance (or enough insurance) to cover all the 

damages.  So, it is expected that 70% of the losses will be covered by insurance. For 

events with greater than $1 billion in insured losses for a single state after CPI 

adjustment, PCS insured losses are multiplied by 1.42.  PCS data does not include 

FEMA’s Presidential Disaster Declarations (PDDs).  This data needs to be added into the 

equation (Table 2.11) if the total is greater than the PCS insured losses.  

Flood insurance for residential and commercial properties is widely offered through 

FEMA’s National Flood Insurance Program (NFIP).  Mortgage lenders require flood 

insurance if a property is located in FEMA Special Flood Hazard Areas (SFHA).  Dixon 

et al. (2006) found that participation in FEMA’s NFIP was 16% in areas with 500 or 

fewer houses in the SFHA, 56% in areas with 500-5,000 houses in the SFHA, and 66% in 

areas with greater than 5,000 houses in the SFHA.  Policies under the NFIP are very 

localized. 70% of policies are in Florida, Texas, Louisiana, New Jersey, and California.  

Due to the variation in NFIP participation across the United States it is necessary to 

account for this variability.  If an area has 25% policy protection, the NFIP insured losses 

are multiplied by four (Table 2.11).  The factor can be adjusted higher for events that 

impact areas that are outside of the SFHA or long term flooding events.   

The USDA/RMA compiles crop insurance data that is used in the equations from 

Table 2.11.  USDA crop insurance claims do not cover the complete cost of loss of crops, 

so a factor must be employed.  It is assumed that around 70% of eligible acres are insured 

and most farmers choose 70% of crop yield to be covered (USDA 2011).  USDA losses 
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are then is multiplied by 2.0.  State reports may be more useful as they sometimes 

provide more detail then the USDA reports.  In situations like long-term drought, losses 

from livestock are included by adding in increased feeding costs.  If there is not a detailed 

state report, USDA losses are multiplied by two and the losses from other damages are 

included. 

 

2.6  SUMMARY 

These aforementioned articles were chosen to show some of the research that has 

been done on the meteorological aspects and economic impacts of severe winter storms 

in Missouri as well as in other parts of the county.  Some of the most important findings 

from these articles are summarized here.  

The severe winter storm climatology from Changnon (1969) found that on 

average there were five severe winter storms during the year in Illinois from 1900-1960.  

The most events that occurred in one year were 12 and the least that occurred in one year 

was one.   The earliest severe winter storm of any year occurred 28-30 October 1925.  

The latest severe winter storm of any year occurred 1-2 May 1929.  These also happen to 

be the only severe winter storms that occurred in October or May.  Out of all the months, 

January had the most severe winter storms with 79.  The state of Illinois is located in the 

path of two predominate large-scale storm tracks between the months of November and 

April.  In the months of January and February, Illinois is in the path of three storm tracks.  

From the analysis, Changnon (1969) determined that almost all of the severe winter 

storms that impact the state of Illinois are transitory mid-latitude cyclones.  Type 2 mid-
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latitude cyclones (Colorado Lows with a track through southern Colorado, Oklahoma, 

and up through Arkansas into Missouri and Illinois) accounted for the most severe winter 

storms in the climatology.  From the ice storm section of this climatology it was found 

the greatest number of severe ice storms occurs in the months of December and January.   

The snowfall climatology from Berger et al. (2002) determined that in Northwest 

Missouri (NWMO) from 1950-2000 most snowfall events occurred in the winter months 

(December, January, and February).  There were more events in the spring months 

(March and April) than in the fall months (October and November).  However, a long-

term trend was identified, in that fall events were starting to occur more frequently than 

spring events.  From the climatology, it was found that Progressive Troughs were the 

most common synoptic regime responsible for snowfall events followed by Southwest, 

Northwest, and Deepening Lows.  The climatology also indicates a downward trend in 

the snowfall events over the years.  More snowfall events occurred in the first three 

decades of the study.  This was most apparent in severe and extreme snowfall events.  

These results were not found to be significant at the 90% level.   

During La Niña and Neutral years there were more snowfall events.  During El 

Niño years, there were more snowfall events during the fall months (October and 

November). There is little variability in snowfall occurrence between the positive phase 

of the NPO (NPO1) and the negative phase of the NPO (NPO2).  However, there was 

great variability associated with the ENSO cycle during the different phases of the NPO.  

During NPO2 there was insignificant ENSO variation with respect to snowfall events and 

flow regime.  The ENSO variation was much greater during NPO1.  During NPO1 there 
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were significantly less snowfall events during El Nino years.  This was significant at the 

80% confidence level. 

The snowfall climatology in Lupo et al. (2005) determined that from 1949-2002 

Southwest Missouri (SWMO) had fewer snowfall events than Northwest Missouri 

(NWMO) and most of the snowfall events for SWMO fell into the moderate intensity 

category and occurred during the winter months of December, January and February.  

They did not find any statistically significant trend toward more or less snowfall events 

over time.  Snowfall events for SWMO were mainly contributed to three synoptic flow 

regimes: The Southwest Low, the Progressive Trough, and the Deepening Low.  For SL 

ratios, it was found that 60% of the snowfall events contained SL ratios less than 12:1.  

This would be considered lower SL ratios.  Snowfall events during the winter season had 

SL ratios that were spread evenly between low and high SL ratios when compared the fall 

and spring events.  Larger snowfall amounts but lower SL ratios were found with 

deepening Lows and particularly for Southwest Lows.  Northwest Lows and progressive 

lows were more often attributed to moderate snowfall and higher or lower SL ratios.  

The only interannual variability found was for ENSO.  There was no variability 

found for longer-term changes related to climate change.  For ENSO variability, it was 

found there were higher numbers of snowfall events with lower SL ratios during the El 

Nino phase of ENSO.  Also, Southwest Low events occurred more often during the El 

Niño and neutral phases of ENSO, while Northwest Low events occurred more often 

during La Niña and neutral phases of ENSO.  Winters that fell into the neutral phase of 

ENSO had more snowfall events then winters during the El Niño and La Niña phases.  

However, this was not statistically significant.     
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For interdecadal variability and the PDO, it was found that during the PDO2 

period winters during El Niño phases of ENSO had more snowfall events.  It was found 

that during the PDO1 period winters during the La Niña and neutral phases of ENSO had 

more snowfall events.  These results were significant at the 90% confidence level.  

Sanders et al. (2013) created a conceptual model derived from composite analysis 

of ice storm events that impacted the Midwestern United States from 1979-2009.  This 

conceptual model is detailed in Figure 2.5 and is useful in understanding the synoptic 

patterns of ice storms that impact Missouri.   

Changnon and Creech (2003) investigated various sources for ice storm data and 

the usefulness and accuracy of these data sets.  It was found that data for ice storms needs 

to be derived from various sources because each source alone is not inclusive or detailed 

enough for climatological assessments.  

Birk et al. (2010) investigated interannual and interdecadal variability in 

conjunction with temperature and precipitation measurements in the Midwestern United 

States.  Phase plot and power spectrum analysis demonstrated that there was significant 

PDO-related interdecadal variability and significant ENSO-related interannual variability 

during the time period from 1900-2004.   These time periods were years 4-5, 12-15, and 

22.  Other analysis showed that during the +PDO phase, El Niño events were associated 

with temperatures that were above normal.  This was most obvious during the winter and 

spring months and in the northern region of the Midwest.  Above normal precipitation 

was observed during El Niño events in the far northwest section of the Midwest, 

especially in the spring months.  This did not transfer to the southeastern section of the 
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Midwest were there was below normal precipitation during the spring and summer 

months.   

During the –PDO phase, La Niña events were associated with temperatures that 

were above normal during the fall and winter months and in the southern part of the 

Midwest.  Below normal precipitation was observed during La Niña events during the 

spring months in the western 2/3 of the Midwest.  From this research it is apparent that 

ENSO events are greatly influenced by the phases of the PDO, specifically when the 

+PDO phase and El Niño events are coupled and when –PDO phase and La Niña events 

are coupled. 

Dawson et al. (2011) investigated interannual and interdecadal variability of 

tropical cyclones in the Atlantic and Pacific Oceans that impact Missouri as related to 

fluctuations in the PDO, ENSO, and the Atlantic Multidecadal Oscillation (AMO) from 

1851-2012.  From the study it was found that tropical cyclones that impact Missouri are 

influenced more by changes in the PDO than the ENSO cycle.  Changes in the AMO also 

impacted tropical cyclone frequencies.  However, the authors noted that with the chosen 

method of determining tropical cyclones that impact Missouri the tropical cyclone 

frequencies for the study might be lower than real-life observations.  

DeGaetano (2000) discussed the economic impacts from a 1998 ice storm that 

impacted parts of New York, Maine, New Hampshire and Vermont from 4 January – 10 

January.  This particular ice storm was very damaging causing a total of 175 million in 

insured losses.  Even worse, there were 17 deaths attributed to the event.  During the peak 

of the event 500,000 electric customers in the United States were without power due to 

the storm.  The widespread power outage caused significant problems for regional dairy 
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farmers.  The loss of dairy cows and milk production was substantial.  The ice storm also 

impacted the maple syrup industry due to tree and collection equipment damage.  The 

total economic loss in the United States due to this storm was greater than 1 billion 

dollars (Table 2.8).   

Changnon (2000) discussed the human factors that can explain increased 

economic losses from extreme weather events.  Population increase is thought to be a 

factor in the increase in annual insured property losses in the United States.  It has been 

determined that after adjustment, storm loss data does not show an increase of economic 

losses over time.  The major causes of an increase in the raw insurance loss numbers are 

societal factors.  These factors are the growth of wealth (increased value of property), 

increased density of property, and urbanization or growth in coastal and storm-prone 

regions of the country (Kunkel et al. 1999).  Investigations into the economic losses from 

Hurricane Andrew indicated that building codes had not been followed which increased 

economic losses by 4-6 billion dollars (Roth 1996).   

Loss of life from extreme weather events has not increased like the monetary 

costs have over the years.  Fatalities caused by hurricanes, tornadoes, and severe storms 

have either decreased or have remained the same in the last 20 years (most likely due to 

improved warning systems, better understanding of the risks, and better alert systems).  

The only increases in fatalities come from flooding events and heat waves (Kunkel et al. 

1999).  There may be more deaths from heat waves now then previous years due to 

increased age of population segments and increased poverty levels (Changnon et al. 

1996).  Increased rates of deaths from floods may be due social behavior, but increased 
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number of flooding events may also contribute.  The increased number of deaths from 

flooding is still being debated (Pielke 1999b). 

Changnon (2003) discussed the difficulties in determining the economic impact of 

extreme weather.  Loss data from extreme weather events are often difficult to obtain and 

not very accurate.  Also, researchers using the data must know how to adjust the data for 

changing conditions that may impact the amount of economic loss.  Economic loss from 

extreme weather events is very difficult to assess due to: 

 

 Limited available data for particular extreme weather events. 

 Impact data are often difficult to obtain. 

 Data that are available are often difficult to analyze without specialized 

training or experience with the data set. 

 

Eisenberg and Warner (2005) discussed the effects of snowfall on automobile 

accidents for the contiguous 48 states from 1975-2000.  Non-first snow days (snow days 

with at least 0.5 cm of snow that are not the first snowfall of the season) accounted for 

97% of total snow days.  On non-first snow days, non-fatal injury and property damage 

only crashes increased.  However, fatal crashes decreased.  First snow days saw greater 

increases in fatal crashes than non-first snow days.  From this it was concluded that first 

snow days of the season were more dangerous with more fatal crashes occurring then on 

non-first snow days.  Driver’s that were greater than 65 years old and drivers younger 

then 18 years old were more likely to have fatal crashes on the first snowfall when 

compared to other age groups.  The reason for this could be that these age groups tend to 
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avoid snowy conditions, but could be surprised by first snowfalls.  On non-first snowfall 

days, 30-50 year olds were more likely to have fatal crashes.  A possibility for this is that 

30-50 years olds were more likely to be out on the roads during snowy conditions due to 

work commitments.  

Grout et al. (2012) discusses the economic impacts from significant winter 

weather events on the state of Oklahoma from 1 November 1999-1 May 2010.  From the 

research, it was found rural areas in Oklahoma are more impacted from significant winter 

weather due to limited resources and require more federal assistance than more populated 

areas.  

Smith and Katz (2013) identified all billion dollar or greater weather and climate 

disasters that occurred in the United States from 1980-2011.  In order to calculate the 

total losses from an event, Smith and Katz (2013) developed an equation that dealt with 

the biases and limits of the data provided.  Table 2.11 lists the methods for calculating 

losses from various weather and climate events.  

These articles are important because they explain some of the issues (incomplete 

data sets, difficult to obtain data, inaccuracies with observation collection, etc.) that can 

come from trying to research the impacts of severe winter storms and hazardous weather 

in general on a state as well as the useful information both economic and meteorological 

that can be gathered from this type of research.  The methodology and procedures used in 

these articles have been utilized in this dissertation research and have proven invaluable.   
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CHAPTER 3:  DATA AND METHODOLOGY 

 

3.1  SEVERE WINTER STORM CLIMATOLOGY 

 

3.1.1  SEVERE WINTER STORM CLIMATOLOGY EVENT 

SELECTION 

To create a severe winter storm climatology for Missouri, there first must be a 

definition of what a severe winter storm is.  Changnon (1969) had four classifications for 

Illinois severe winter storms: 

 

 A snowstorm that produced six inches or more snowfall at a point in 48 hours or 

less. 

 A snowstorm that produced conditions leading to property damages, deaths, or 

injuries regardless of the amount of snowfall. 

 A glaze storm in which 10 percent of the cooperative U.S. Weather Bureau (now 

the National Weather Service) substations in Illinois reported glaze.  

 A glaze storm in which property damages, deaths, or injuries occurred.  
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This severe winter storm climatology has three classifications.  This was done to 

make the data collection and analysis more manageable and to mirror National Weather 

Service (NWS) winter storm warning products issued from the Weather Forecast Office 

in St. Louis, MO.  A Winter Storm Warning is issued if snow accumulation of at least six 

inches is expected during the near-term forecast period.  An Ice Storm Warning is issued 

if at least ¼ of inch in ice accumulation is expected during the near term forecast period.  

The classifications for the Missouri severe winter storms climatology are as follows:   

 

 A significant snow event: Six inches of snowfall or greater in a 48-hour period.  

 A significant ice event: At least ¼ inch of ice accumulation in a 48-hour period. 

 A significant mixed event: Meets both of the above criteria.    

 

The time period for the climatology is from 1 October 1960 through 31 May 2010.  

This time period was chosen for a couple of reasons.  The first reason is that it begins 

where the climatology in Changnon (1969) ended.  The second reason for this time 

period is that it spans well over 30 years, which is the length of time needed for a 

statistically significant yearly climatology (WMO, 2015).  The climatology includes 

significant detail about each storm that meets the previously mentioned criteria.  The 

climatology includes: 
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 Total snowfall accumulation or ice accumulation from the event  

 Location of the event 

 Dates of event 

 

3.1.2  SEVERE WINTER STORM CLIMATOLOGY DATA 

SOURCES 

Data for the climatology was gathered from a variety of sources.  This was done 

to have the most comprehensive climatology possible.  Data was collected from: 

 

 Midwestern Regional Climate Center (MRCC) 

 National Climatic Data Center (NCDC) 

 National Oceanic and Atmospheric Administration (NOAA) Central Library  

 National Centers for Environmental Prediction (NCEP) 

 The Ice Storm Database from the U.S. Army’s Cold Regions Research and 

Engineering Laboratory (CRREL)  

 Local NWS Weather Forecast Offices 
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3.1.3  HEAVY SNOWFALL CLIMATOLOGY METHODOLOGY 

The majority of the data for heavy snow events was derived from Missouri 

Cooperative Observer Program (COOP), 1st order weather station data, and the 

Community Collaborative Rain, Hail, and Snow Network (CoCoRaHs) available through 

the MRCC, NCDC, and Storm Data Publications.  There are 114 counties and 1 

independent city in the state of Missouri.  The longest running weather observing station 

that has remained in the same location in each county and the city of St. Louis from 

1960-2010 was chosen for use in the climatology.  For the climatology, a heavy snowfall 

event must have recorded snowfall of six inches or greater over a 48-hour period at two 

different weather observing stations.  Two stations were chosen to ensure that not just 

one location was recording at least six inches of snowfall.  One station may have an 

inaccurate measurement, but two stations should confirm that significant snowfall 

actually occurred.   

Snowfall is measured using a special snowboard (24 inch x 24 inch piece of 

plywood that is at least ⅜ - ½ inch thick and painted white on both sides) and a snow 

measuring stick with tenths of an inch marked (COOP 2013).  Snowfall must be reported 

at least every 24 hours and is the total accumulation of snowfall over those 24 hours.  

Two consecutive 24-hour periods are added together to get the 48-hour snowfall 

accumulation.  Table 3.1 is a list of the specific weather observing stations used for event 

selection in the heavy snowfall climatology.  Additional historical data for record heavy 

snowfall events was collected from Storm Data Publications from NCDC (monetary 

losses), and case studies from local NWS Weather Forecast Offices.   
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Heavy snowfall amounts were separated into 4 categories: 6-11.9 inches, 12-17.9 

inches, 18-23.9 inches, and 24-29.9 inches.  Snowfall events that were unusual or record 

setting were plotted by county using ArcMap (mapping application in ArcGIS by Esri).  

Every attempt was made to find a complete 48-hour observation in every county for these 

specific events (using COOP, 1st order weather station data, and the CoCoRaHs network).  

However, there were counties that had no observations.  Figure 3.1 is the snowfall map 

created in ArcMap for the heavy snow event that occurred 16-17 March 1970.  Counties 

with missing snowfall observations during the entirety of the event are colored gray.  

Counties with snowfall between 0-5.9 inches are colored white.  Counties with snowfall 

between 6 and 11.9 inches are colored light blue.  Counties with snowfall between 12 and 

17.9 inches are colored dark blue.  Counties with snowfall between 18 and 23.9 inches 

are colored purple.  Finally, counties with snowfall between 24 and 29.9 inches are 

colored dark red.  
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Table 3.1  Name and location of weather observing stations by county in Missouri used for the heavy 

snowfall climatology. 
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Figure 3.1  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations recording snowfall amounts greater than or equal to six inches during the 16-17 March 1970 

heavy snowfall event.  Snowfall is binned every six inches.  Counties without at least 1 station with a 

48-hour snowfall total are greyed out and marked as missing.  

 

 



 

 

73 

3.1.4  SEVERE ICE STORM CLIMATOLOGY METHODOLOGY 

 Detailed and accurate ice storm data are very difficult to obtain.  Changnon 

(2003) analyzed the different data sets for ice storm events and the usefulness and 

accuracy of each data set.  COOP station data is limited for ice events because recording 

of freezing rain accumulation has never been expected of observers (COOP 2014).  Ice 

accumulation measurements also have to be done a specific way for accuracy.  According 

to CoCoRaHs weather observing guidelines, the best way to measure for ice 

accumulation is to use a small branch from a tree. An observer would take the branch and 

measure with a ruler the ice accumulation on both sides of the branch.  Those two 

measurements would then be averaged together and converted to tenths of an inch 

(CoCoRaHs 2015).  Although, this is the best way to measure accumulation, it is not 

always possible.  

For the most accurate severe ice storm event climatology for Missouri, data has 

been obtained from The U.S. Army’s Ice Storms Database from CRREL (a database 

maintain by the U.S. Army Corps of Engineers) and local NWS Weather Forecast 

Offices.  The U.S. Army’s Ice Storm Database from CRREL was funded and compiled 

through the participation of numerous agencies and utility companies (CRREL 2015).  

NCDC Storm Data Publications have been used in conjunction with the previously 

mentioned data sets for historical and meteorological information about each storm in the 

climatology as it gives information on monetary losses and ice accumulation.  It is 

important to reiterate that ice storm data is not as abundant, accurate, or detailed as 

snowfall accumulation data.  Thus, any climatology that is created with ice storm data is 

going to have a fairly large uncertainly factor.  Severe ice storm events in the climatology 
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had to have at least ¼ inch of ice accumulation in 48 hours or caused enough damage that 

¼ inch of ice accumulation would have had to of occurred to have caused the damage.    

 

3.1.5  SEVERE MIXED PRECIPITATION CLIMATOLOGY 

METHODOLOGY 

The methodology for the mixed precipitation climatology is the same 

methodology applied for the heavy snowfall and the severe ice storm climatology.  If an 

event has at least six inches of snowfall and ¼ inch of ice accumulation over a 48-hour 

period, then it also gets counted as a mixed precipitation event.      

 

3.1.6  WEATHER RIGIME IDENTIFICATION 

Weather regime identification was completed for each of the severe winter storm 

classifications in the climatology.  Data for the analysis came from daily weather maps 

from the NOAA Central Library.  These daily weather maps consist of analyzed surface 

and 500-mb charts.  The purpose of the weather regime identification is to learn what 

particular synoptic scale features these severe winter storms are associated with to better 

understand their causes and to forecast them in the future.   
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Figure 3.2  Google map adapted from Changnon (1969) depicting the location of cyclogenesis, 

intensification, or re-intensification of mid-latitude cyclones that are responsible for severe winter 

storms in Missouri. 

 

 

Weather regime identification follows methodology from Changnon (1969).  This 

methodology uses the tracks of surface and 500-mb synoptic features to identify already 

accepted synoptic regimes.  Figure 3.2 is a Google Map adapted from Changnon (1969) 

depicting regions where cyclogenesis occurs for Missouri impacting severe winter 

storms.  These mid-latitude cyclones are identified by where they originate.  They are 

referred to as Alberta Lows, Colorado Lows, and Texas/West Gulf Lows.  The Texas and 

West Gulf Lows have been combined into one category because of the difficulty in 

distinguishing between the two on older daily weather maps.  After the analysis two more 

classifications were created.  The Frontal Passage regime was designated for events with 
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a very long and extended cold front or stationary boundary without a well-defined mid-

latitude cyclone.  The Other Synoptic Features regime was for events without a specific 

frontal passage or mid-latitude cyclone associated with them.   

 

3.2  ANALYSIS OF TELECONNECTIONS BETWEEN HEAVY 

SNOWFALL AND INTERANNUAL AND INTERDECADAL 

VARIABILITY 

Methodology from Berger et al. (2003) was employed for the statistical analysis 

of the heavy snowfall events from the 50-year heavy snowfall climatology.  Severe ice 

storm events were not used in the interannual and interdecadal variability analysis 

because of the inherent uncertainty with the data.  Interannual variability related to the El 

Niño Southern Oscillation (ENSO) cycle and interdecadal variability related to the 

Pacific Decadal Oscillation (PDO) and the North Atlantic Oscillation (NAO) were 

investigated using the heavy snowfall climatology.   

For the ENSO cycle, the Japan Meteorological Agency’s (JMA) definition of 

ENSO was applied (COAPS, 2015).  ENSO is a periodic change in sea surface anomalies 

within an area between 4° S - 4° N, 150° W - 90° W in the Pacific Basin.  The ENSO 

phase is determined by a 5 month running mean of the spatially averaged sea surface 

anomalies in the Pacific Basin.  If the sea surface anomaly is 0.5 °C or greater for 6 

consecutive months, then the year is classified as being in an El Niño phase.  The 6 

months must include October, November, and December.  If the ENSO cycle is in the La 

Niña phase for a particular year, then the sea surface anomaly must be -0.5 °C or less for 
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6 consecutive months.  For a neutral year, the sea surface anomaly would be between -0.5 

°C and 0.5 °C.  A particular ENSO “year” would start on 1 October of one year and run 

through 30 September of the next year.  Table 3.2 contains historic El Niño, La Niña, and 

Neutral years. 

The PDO is a long-term fluctuation in the Pacific Basin sea surface temperature 

and has a period of 50-70 years (Mantua et al. 1997 and Minobe, 1997).  According to 

Mantua et al. (1997) there are two separate phases of the PDO.  There is a positive phase 

known as +PDO or PDO1 and a negative phase known as –PDO or PDO2.  The phases of 

the PDO and the corresponding time ranges are listed in table 3.3.   

The NAO is a representation of the difference of normalized sea level pressure 

between Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland.  The data for the NAO 

goes back to 1864.  There are two separate phases of the NAO.  However, there is debate 

over the cyclical nature of the NAO.  There is a positive phase and a negative phase.  The 

positive phase of the NAO is typically correlated with stronger-than-average westerlies 

over the mid-latitudes (Hurrell, 2015). 

Table 3.4 lists the index values and the corresponding years.  The negative phase 

corresponds to a negative index value and the positive phase corresponds to a positive 

index value.  The index values are calculated for the months of December, January, 

February, and March.  So, the index value for 1961 would be for the months of December 

1960, January 1961, February 1961, and March 1961 (Hurrell, 2015).  
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Table 3.2  ENSO phases by year, created from the ENSO definition by the JMA (COAPS, 2015).  An 

El Niño year is defined as starting in October of one year and ending in September of the next year. 

 

 
 
 

Table 3.3  Pacific Decadal Oscillation (PDO) phases and time range (COAPS, 2015) 
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The storms that were identified in the heavy snowfall section of the severe winter 

storms climatology were classified as El Niño, La Niña, or Neutral years.  They were also 

classified as to whether they were in a positive or negative PDO phase and either a 

positive or negative NAO phase.  After the initial classification of the heavy snowfall 

events, averages could be calculated and compared for ENSO, PDO, and NAO 

variability.  
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Table 3.4  North Atlantic Oscillation (NAO) index values with years (Hurrell, 2015) 
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Figure 3.3  Google map showing all interstates (I-29, I-35, I-44, I-49, I-55 and I-70)  that run through 

the state of Missouri.  
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3.3  SNOWFALL ACCUMULATION AND AUTOMOBILE 

ACCIDENTS IN MISSOURI 

 Automobile accident data from 2000 to 2010 was provided by the Missouri 

Department of Transportation (MoDOT) with the aid of Dr. Carlos Sun from the 

Department of Civil Engineering at the University of Missouri.  The time period for the 

automobile accident data is 1 October 2000 to 31 May 2010.  Automobile accident data 

was not available for the full time period of the severe winter storms climatology.  Only 

data for the last 10 full years of the climatology was available.   

Data was collected from sections of interstates I-29, I-35, I-44, I-49, I-55 and I-70 

that run through Missouri (Figure 3.3).  Interstates were chosen for the automobile 

accident analysis because they are often the first roads to be treated, and they traverse a 

large portion of the state of Missouri. The data consists of accident type, severity of 

accident, location of accident, date and time of accident, road condition, light condition, 

and weather condition.  Since this data is an appendage to the original climatology and 

only 10 full years were available, all snowfall events were used in conjunction with this 

data, not just heavy snowfall events.  The purpose of this is to have a larger view of what 

specific snowfall conditions were associated with these automobile accidents. If 

automobile accidents that occurred with six inches or snow or greater were the only ones 

analyzed there would be a significant amount of events and automobile accidents 

discarded.  
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(a) 
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(b) 

 

 

Table 3.5  Name and locations of weather observing stations by county in Missouri used for 

automobile accident snowfall accumulation.  Table 3.5 (a) contains stations with counties that start 

with A-J.  Table 3.5 (b) contains stations with counties that start with L-W.  A station with 

parenthesis indicates that it is from a different county.  The reason for this is that a suitable station 

for a specific county may not be available.  
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The only automobile accidents that were analyzed were accidents that occurred 

when it was snowing and when there was also snow accumulation on the interstate.  Also, 

on a particular day, there needed to be at least 10 automobile accidents that occurred 

when snow was falling and snow was on the interstate.  This was done to avoid days with 

just a few accidents that may or may not be attributed to the snowy conditions.   

Automobile accidents were then grouped by the day they occurred.  After this was 

performed, snowfall totals for a 72-hour period surrounding the accident were collected.  

As an example: If an accident occurred on 2 March 2002, then snowfall accumulation 

from 1 March 2002, 2 March 2002, and 3 March 2002 was collected.  This was done to 

avoid errors with the time of snowfall collection, as it can vary between person and 

station.  Snowfall accumulation was broken into various categories.  0-2.9 inches, 3-5.9 

inches, 6-8.9 inches, 9-11.9 inches, 12-14.9 inches, 15-17.9 inches, and 18-20.9 inches 

over 72-hours.  The snowfall accumulation data was accessed through NCDC.  A 

Missouri weather station was chosen for its snowfall data by the county the accident 

occurred, the proximity of the station to the interstate, and validity of data from the 

station.  Table 3.5 lists the various stations used for the automobile accident analysis.  

Unlike the heavy snowfall climatology, any weather station with snowfall data 

available for Missouri through NCDC was considered for the snowfall accumulation 

totals.  This was not done for the heavy snowfall climatology, because it was more 

important to have weather observing station data from weather observing stations that 

were always in the same location for the longest period of time.   
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Automobile accidents that occurred during snowfall and with snowfall on the 

interstate were also sorted by type of accident. The four types of accidents where:  

 

 Accidents that resulted in property damage only 

 Accidents with minor injuries 

 Accidents with disabling injuries 

 Accidents with fatal injuries 

 

After the snowfall accumulation data was collected, accidents were categorized 

by the amount of associated snowfall.  This data was then compared and averaged to 

investigate correlations between snowfall accumulation, automobile accident occurrence, 

and automobile accident severity. 

 

3.4  ECONOMIC LOSS FROM SEVERE WINTER STORMS IN 

MISSOURI 

Shelter Mutual Insurance Corporation provided property damage claim and 

insurance payout information for the majority of the severe winter storm events in the 

heavy snowfall, ice, and mixed precipitation climatologies.  Data provided by Shelter 

Mutual Insurance Corporation included dates of events, number of insurance claims, and 

the amount of money paid out by Shelter Mutual Insurance Corporation.  Data from 1 

October 2000-31 May 2010 was available for analysis.  Data prior to the year 2000 was 

no longer available and could not be provided by Shelter Mutual Insurance Corporation. 
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Monetary losses provided by Shelter Mutual Insurance Corporation were converted to 

2010-dollars to adjust for inflation.  This was done using the Consumer Price Index 

(CPI).  Data was analyzed to investigate if there was more, less, or no substantial change 

in monetary losses from severe winter storms over time, as well as to document 

economically costly severe winter storms that have impacted Missouri from 2000-2010.   
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CHAPTER 4:  SEVERE WINTER STORM 

CLIMATOLOGIES 

 

4.1  HEAVY SNOWFALL EVENT CLIMATOLOGY 

Using the methodology presented in Chapter 3 for the identification of heavy 

snowfall events, a heavy snowfall event climatology has been created for Missouri from 

1960-2010.  Using data from 115 weather observing stations (COOP and 1st order) in 

Missouri, 318 events were identified over the 50 years from 1960-2010.  Various 

statistical and graphical methods were applied to these events to draw meaning.  

Figure 4.1 shows the number of heavy snowfall events per winter season.  A 

linear trendline has been added to the graph.  With a 𝑅2 value equal to 0.04 for the linear 

trendline, we can conclude that the amount of heavy snowfall events per winter season 

are not increasing or decreasing with time from 1960-2010 at a statistically significant 

level.  A winter season for this climatology is from 1 October of one year to 31 May of 

the next year (eight months total).  Using the mean from this data, the average number of 

heavy snowfall events per winter season in Missouri is 6.4.  The lowest number of events 

per winter season is two and the highest number of events per winter seasons is 12.  The 

1 October 1977-31 May 1978 and the 1 October 2009-31 May 2010 winter seasons both 

had 12 events.   
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Figure 4.1  Heavy snowfall events for Missouri from October 1960- May 2010 categorized by winter 

season.  A winter season is October of one year through May of the next year. 
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Figure 4.2 shows the number of heavy snowfall events by decade.  October 1970-

May 1980 had the most heavy snowfall events with 79.  1 October 1990-31 May 2000 

and 1 October 2000-31 May 2010 tied with the lowest number of heavy snowfall events 

at 55. Using the mean from these data, the average number of heavy snowfall events per 

decade in Missouri is 64. 

Figure 4.3 shows the number of heavy snowfall events by month.  The month 

with the lowest number of events was May (zero).  There was only one event in the 

month of October. The most heavy snowfall events occurred in the months of January 

(87) and February (83).  There were 68 events in the month of December, 17 events in 

the month of November, 52 events in the month of March, and only 10 events in the 

month of April.   

Figure 4.4 shows heavy snowfall events categorized by snowfall amount over 48 

hours.  Most (236) of the 318 events produced between 6 and 11.9 inches of snowfall.  

This is not suprising since lower (6-11.9 inch) accumulation snowfall events would be 

easier to produce depending on the available moisture, forcing for accent, and instabiity 

present in the atmopshere.  There were 60 events that had snowfall amounts between 12 

and 17.9 inches and 19 events that had snowfall amounts between 18 and 23.9 inches.  

Although rare, there were three events with snowfall amounts between 24 and 29.9 

inches.   
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Figure 4.2 Heavy snowfall events for Missouri from October 1960- May 2010 categorized by decade. 

 

 

 

Figure 4.3 Heavy snowfall events for Missouri from October 1960- May 2010 categorized by month. 
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Figure 4.4  Heavy snowfall events for Missouri from October 1960- May 2010 categorized by amount 

of snowfall over 48 hours. 

 

 

 

Figure 4.5  Heavy snowfall events for Missouri from October 1960-May 2010 categorized by 

percentage of events with specific snowfall amounts.   
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Figure 4.5 shows heavy snowfall events categories by percentage of events with 

specific snowfall amounts.  Most of the events (74%) produced between 6 and 11.9 

inches of snowfall.  19% of events had snowfall amounts between 12 and 17.9 inches and 

6% of events had snowfall amounts between 18 and 23.9 inches.  Only 1% of events had 

snowfall amounts between 24 and 29.9 inches.    

 

4.1.1  RECORD HEAVY SNOWFALL EVENTS 

Of the 318 heavy snowfall events in Missouri from 1960-2010, there were five 

events that were especially unique.  These snowfall amounts from these five events were 

plotted in ArcMap.  Additional weather observing station data (COOP, 1st order, and the 

CoCoRaHs network) were used to fill in snowfall amounts by county to illustrate where 

snowfall was occurring.  Some counties did not have any weather station observations 

with a complete 48-hour snowfall accumulation.  These counties were marked as gray on 

the snowfall accumulation maps.   

In the 50 years from 1960-2010, there was only one heavy snowfall event in the 

month of October.  The fact that there has only been one heavy snowfall event in the 

month of October tells us that the temperature profile of the atmosphere is not conducive 

to heavy snowfall development this early in the winter season.  This event occurred 22-23 

October 1996.  This unusual event impacted northwestern Missouri with weather 

observing stations in the counties of Atchison, Buchanan, Platte, Jackson, Clay, and Cass 

registering between 6 and 11.9 inches of snowfall during 48 hours (Figure 4.6).  NOAA 

Storm Data Publications put property damage estimates from this event at $1,500,000.  
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Figure 4.6  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP, and 1st order weather station data) recording snowfall amounts by every six inches 

during the 22-23 October 1996 heavy snowfall event.  Counties in gray are missing observations. 

 

 



 

 

95 

From 1960-2010 the most widespread heavy snowfall event in Missouri occurred 

on 26-27 November 1975.  Although the snowfall amounts were not record setting (6-

11.9 inches over 48 hours), this event had 76 counties record heavy snowfall.  Figure 4.7 

shows the counties in Missouri with weather observing stations recording 6-11.9 inches 

of snowfall on 26-27 November 1975.    

From 1960-2010, there were three heavy snowfall events in Missouri with 

snowfall amounts greater than or equal to 24 inches over 48 hours.  These three events 

primarily impacted the southern portion of Missouri, which is unusual because one would 

expect that there would be higher snowfall amounts in the northern parts of Missouri.  

The first event occurred on 16-17 March 1970 and impacted southern Missouri.  This 

event was one of only two events with two weather observing stations in two different 

counties (Lawrence and Newton) recording snowfall amounts between 24 and 29.9 

inches.  This event also had the highest snowfall totals of any heavy snowfall event with 

the Neosho weather observing station in Newton County recording 27.6 inches of 

snowfall over 48 hours.  Figure 4.8 shows the counties in Missouri with weather 

observing stations that recorded heavy snowfall greater than or equal to six inches on 16-

17 March 1970.  NOAA Storm Data Publications estimate property damage from this 

event between $50,000 and $500,000. 

The second event had 24 inches of snowfall over 48 hours recorded at the 

Waynesville weather observing station in Pulaski County.  This event occurred on 16-17 

January 1978.  This event impacted central and southern Missouri.  Figure 4.9 shows the 

counties in Missouri with weather observing stations that recorded heavy snowfall greater 
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than or equal to six inches on 16-17 January 1978.  NOAA Storm Data Publications 

estimate property damage from this event between $500 and $5,000.  

The third event became the 1-day snowfall record for Missouri with 24 inches of 

snowfall in just 24 hours.  This event occurred on 25-26 February 1979.  This event only 

impacted a small part of for southeastern Missouri.  The Jackson and Cape Girardeau 

Municipal Airport weather observing stations in Cape Girardeau and Scott County 

recorded 24 inches of snowfall on 25 February 1979.  Figure 4.10 shows the counties in 

Missouri with weather observing stations that recorded heavy snowfall greater than or 

equal to six inches on 25-26 February 1979.  NOAA Storm Data Publications estimate 

property damage from this event between $50,000 and $500,000.  

Although record setting snowfall events are rare in Missouri, it is important for us 

to realize that they can easily occur again.  They will become even more devastating to 

the state of Missouri in the future due to increasing population.  However, we have made 

numerous advancements in weather forecasting technology since the 1970’s.  We are able 

to predict these events better, thus warning the public earlier.  We can encourage people 

to take precautions such as stocking up on water, food, heating sources, and prescription 

medications.  Meteorologists can also urge people to stay off the roads and stay indoors 

out of the elements. 
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Figure 4.7  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP and 1st order weather station data) recording snowfall amounts greater than or 

equal to six inches during the 26-27 November 1975 heavy snowfall event.  Counties in gray are 

missing observations.  
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Figure 4.8  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP and 1st order weather station data) recording snowfall amounts greater than or 

equal to six inches during the 16-17 March 1970 heavy snowfall event.  Counties in gray are missing 

observations. 
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Figure 4.9  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP and 1st order weather station data) recording snowfall amounts greater than or 

equal to six inches during the 16-17 January 1978 heavy snowfall event.  Counties in gray are missing 

observations. 
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Figure 4.10  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP and 1st order weather station data) recording snowfall amounts greater than or 

equal to six inches during the 25-26 February 1979 heavy snowfall event.  Counties in gray are 

missing observations. 
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4.2  HEAVY ICE EVENT CLIMATOLOGY 

Using the methodology presented in Chapter 3 for the identification of heavy ice 

events, a heavy ice event climatology has been created for Missouri from 1960-2010.  

Using data from NOAA Storm Data Publications, the U.S. Army CRREL Ice Storm 

Database and event archives from Missouri NWS Weather Forecast Offices, 66 events 

were identified over the 50 years from 1960-2010.  Data from the U.S. Army’s CRREL 

Ice Storm Database was compiled from Storm Data Publications, newspaper reports, 

communication tower failures (Mulherin 1996), utility reports, journal articles, FEMA 

Mitigation Reports, and other types of publications.  After event identification, various 

statistical and graphical methods were applied to these events to draw meaning. 

Figure 4.11 shows the number of heavy ice events per winter season.  A winter 

season for this climatology is from 1 October of one year to 31 May of the next year 

(eight month total).  A linear trendline has been added to the graph.  With a 𝑅2 value 

equal to 0.39 for the linear trendline, there is a small positive linear association with time 

from 1960-2010.  However, this is likely due to the fact that ice event records have 

improved over the same period.  The lowest number of events per winter season is zero 

and the highest number of events per winter seasons is seven.  The 2000-2001 winter 

season had the most heavy ice events (seven). 

Figure 4.12 shows the number of heavy ice events by decade.  1 October 2000-31 

May 2010 had the most heavy ice events with 33.  1 October 1960-31 May 1970 had the 

lowest number of heavy ice events at one.  A likely reason for the large disparity between 

the data is that in the early part of the heavy ice event climatology, observations of ice 

events were not as numerous (CRREL, 2015). 
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Figure 4.13 shows the number of heavy ice events by month.  The months with 

the lowest number of events were October, April, and May with zero events.  December 

had the highest number of events at 22 followed by January with 20.   February had ten 

events followed by March with nine.  November had five events.  
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Figure 4.11  Heavy ice events for Missouri from October 1960-May 2010 categorized by winter 

season.  A winter season is October of one year through May of the next year. 
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Figure 4.12  Heavy ice events for Missouri from October 1960-May 2010 categorized by decade. 

 

 

 

Figure 4.13  Heavy ice events for Missouri from October 1960-May 2010 categorized by month. 
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4.2.1  RECORD HEAVY ICE EVENTS 

From 1960-2010 there were 13 heavy ice events with the possibility of up to two 

inches of ice accumulation.  It is hard to say that these events for sure had two inches of 

ice accumulation due to the possibility of observational errors due to measuring ice 

accumulation incorrectly, as well as estimations of ice accumulation being recorded 

instead of actual measurements.  One of these events was the most costly severe winter 

storm event to impact the state of Missouri from 1960-2010 (according to available 

property damage estimates from NWS Storm Data Publications).  This heavy ice event 

occurred on 12-13 January 2007.  Figure 4.14 is a graphic from the NWS Springfield, 

MO Forecast Office that shows the extent of ice accumulations across southern Missouri 

(NWS SGF 2015) NOAA Storm Data Publications estimate property damage from this 

event at over $355,000,000.  According to the Missouri State Emergency Management 

Agency (SEMA), President George Bush granted a disaster declaration for counties 

impacted in the state of Missouri by the 12-13 January 2007 event on 15 January 2007 

(SEMA 2015) 

Heavy ice events can be extremely devastating and cause significant monetary 

loss due to tree and utility damages.  Cities and citizens of Missouri can take precautions 

to limit the damage of ice storms by burying utility lines when possible, controlling tree 

growth (especially near utility lines), and removing dead or dying trees.  People can also 

prepare for the impacts of ice storms in Missouri by stocking up on water, food, heating 

and electrical sources, and prescription medications.  Meteorologists can also urge people 

to stay off the roads and stay indoors until the ice has melted away.   
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Figure 4.14  NWS Springfield, MO Forecast Office graphic of ice accumulations in southern 

Missouri from the 12-13 January 2007 heavy ice event (NWS SGF 2015). 
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4.3  HEAVY MIXED PRECIPITATION EVENT CLIMATOLOGY 

Using the methodology presented in Chapter 3 for the identification of heavy 

mixed precipitation events, a heavy mixed precipitation event climatology has been 

created for Missouri from 1960-2010.  Using data from NOAA Storm Data Publications, 

the CRREL Ice Storm Database, event archives from Missouri NWS Weather Forecast 

Offices, and 115 weather observing stations, 27 events were identified over the 50 years 

from 1960-2010.  Various statistical and graphical methods were applied to these events 

to draw meaning. 

Figure 4.15 shows the number of heavy mixed precipitation events per winter 

season.  A winter season for this climatology is from 1 October of one year to 31 May of 

the next year (eight months total).  A linear trendline has been added to the graph.  With a 

𝑅2 value equal to 0.23 for the linear trendline, there is a small positive linear association 

with time from 1960-2010.  However, just like with the heavy ice event data this is likely 

due to the fact that mixed precipitation event records have improved over the same 

period.  The lowest number of events per winter season is zero and the highest number of 

events per winter seasons is three.  The 1 October 2000-31 May 2010 winter season had 

the most heavy mixed precipitation events (three). 
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Figure 4.15  Heavy mixed precipitation events for Missouri from October 1960-May 2010 categorized 

by winter season.  A winter season is October of one year through May of the next year. 
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Figure 4.16  Heavy mixed precipitation events for Missouri from October 1960-May 2010 categorized 

by decade. 

 

 

 

Figure 4.17  Heavy mixed precipitation events for Missouri from October 1960-May 2010 categorized 

by month. 
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Figure 4.16 shows the number of heavy mixed precipitation events by decade.  1 

October 2000-31 May 2010 had the most heavy mixed precipitation events with 14.  1 

October 1960-31 May 1970 had the lowest number of mixed precipitation events at one.  

As with the heavy ice event climatology, a likely reason for the large disparity between 

the data is that in the early part of the heavy mixed precipitation event climatology, 

observations of ice events were not as numerous (CRREL, 2015).  

Figure 4.17 shows the number of heavy mixed precipitation events by month.  

The months with the lowest number of events were October, April, and May with zero 

events.  January had the highest number of events at 10 followed by December with 

seven.   February had five events followed by March with four.  November only had one 

event.   

 

4.3.1  RECORD HEAVY MIXED PRECIPITATION EVENTS        

From 1960-2010 there were four heavy mixed precipitation events with up to two 

inches of ice accumulation and snowfall greater than or equal to six inches.  Of these four 

events, the event with the most weather observing stations in the most counties recording 

snowfall greater than or equal to six inches occurred on 27-28 January 2009.  Figure 4.18 

is an altered graphic from the NWS Forecast Office in Paducah, KY showing locations in 

far southeast Missouri with ice accumulations up to two inches on 26-28 January 2009 

(NWS PAH, 2015).   
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Figure 4.18  NWS Paducah, KY Forecast Office graphic of ice accumulations in Missouri from 26-28 

January 2009 (NWS PAH 2015). 

 

Figure 4.19 shows the counties in Missouri (seven) with weather observing 

stations that recorded heavy snowfall greater than or equal to six inches on 27-28 January 

2009.  According to the Missouri SEMA, President Barack Obama granted a disaster 

declaration for counties impacted in the state of Missouri by the 26-28 January 2009 

event on 17 February 2009 (SEMA 2015). 

There is one other heavy mixed precipitation event that is worth mentioning in 

this section.  This event was the second most costly severe winter storm event to impact 

the state of Missouri from 1960-2010 (according to available property damage estimates 
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from NWS Storm Data Publications).  This heavy mixed precipitation event occurred 

from 29 November 2006 - 1 December 2006.   

Figure 4.20 is a graphic from the NWS Kansas City/Pleasant Hill, MO Forecast 

Office that shows the extent of ice accumulations across western and northwestern 

Missouri through 7 AM CST on 30 November 2006 (NWS EAX 2015).  Figure 4.21 is a 

graphic from the NWS Saint Louis, MO Forecast Office that shows the extent of ice 

accumulations across eastern Missouri from 30 November 2006 – 1 December 2006.   

Figure 4.22 shows the counties in Missouri with weather observing stations that recorded 

heavy snowfall greater than or equal to 6 inches on 30 November 2006 – 1 December 

2006.  NOAA Storm Data Publications estimate property damage from this event at over 

$244,000,000.  According to the Missouri SEMA, President George Bush granted a 

disaster declaration for counties impacted in the state of Missouri by the 29 November 

2006 -1 December 2006 event on 29 December 2006 (SEMA 2015). 
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Figure 4.19  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP, 1st order weather station data, and the CoCoRaHs network) recording snowfall 

amounts greater than or equal to six inches on 27-28 January 2009.  Counties in gray are missing 

observations. 
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Figure 4.20  NWS Kansas City/Pleasant Hill, MO Forecast Office graphic of ice accumulations in 

western and northwestern Missouri through 7 AM CST on 30 November 2006 (NWS EAX 2015) 
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Figure 4.21  NWS Saint Louis, MO Forecast Office graphic of ice accumulations in eastern Missouri 

(doted line) and snowfall accumulation (solid lines) from 29 November 2006 – 1 December 2006. The 

numbers are snowfall accumulation in inches) (NWS LSX 2015).  
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Figure 4.22  Map of Missouri created in ArcMap depicting specific counties with weather observing 

stations (COOP, 1st order weather station data, and the CoCoRaHs network) recording snowfall 

amounts greater than or equal to six inches from 30 November 2006 – 1 December 2006.  Counties in 

gray are missing observations. 
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Heavy mixed precipitation events pack a one-two punch with heavy snowfall and 

heavy ice accumulation.  However, just like with heavy snowfall and heavy ice events 

cities and citizens of Missouri can prepare for these events by burying utility lines when 

possible, controlling tree growth (especially near utility lines), and removing dead or 

dying trees.  People can also prepare for the impacts of a combination of heavy ice 

accumulation and snowfall in Missouri by stocking up on water, food, heating and 

electrical sources, and prescription medications.  Meteorologists can also urge people to 

stay off the roads and stay indoors until the ice has melted away and snow has been 

plowed.     

 

4.4  MID-LATITUDE CYCLONES AND MISSOURI SEVERE 

WINTER STORMS 

 

4.4.1  IDENTIFIED WEATHER REGIMES 

Using the methodology presented in Chapter 3 the events in the heavy snowfall 

climatology, heavy ice climatology, and mixed precipitation climatology were analyzed 

to determine the specific mid-latitude cyclone regime responsible for severe winter 

storms in Missouri.  Daily weather maps from the NOAA Central Library were used to 

identify mid-latitude cyclone regimes.  
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Figure 4.23  Google map of the United States annotated to show the general track of an Alberta Low 

mid-latitude cyclone that impacts Missouri as it moves east to west.   

 

 

After the analysis was performed, five regime categories were identified.  The 

five regimes are classified as: Alberta Low, Texas/West Gulf Low, Colorado Low, 

Frontal Passage, and Other Synoptic Features.  Figure 4.23 is a map of the United States 

showing the general track of an Alberta Low mid-latitude cyclone that impacts Missouri 

as it moves west to east.  Figure 4.24 is a map of the United States showing the general 

tracks of a Texas/West Gulf mid-latitude cyclone that impacts Missouri as it moves west 

to east.  There is a track that travels through the central part of Texas, while the other 

track travels over the Gulf through eastern Texas.  Although the tracks are slightly 

different, the cyclone originates in the Texas/West Gulf region.  
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Figure 4.24  Google map of the United States annotated to show the general tracks of a Texas/West 

Gulf Low mid-latitude cyclone that impacts Missouri as it moves east to west.  Although the tracks 

are slightly different, the cyclone originates in the Texas/West Gulf region. 

 

 

 

Figure 4.25  Google map of the United States annotated to show the general tracks of a Colorado 

Low mid-latitude cyclone that impacts Missouri as it moves east to west.  Although the tracks are 

slightly different, the cyclone originates in the Colorado region. 
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Figure 4.26  Graph showing the number of heavy snowfall events by specific mid-latitude cyclone 

regime for Missouri from 1 October 1960-31 May 2010. 

 

 

Figure 4.25 is a map of the United States showing the general tracks of a 

Colorado Low mid-latitude cyclone that impacts Missouri as it moves west to east.  There 

is a more northern track and a more southern track.  Although the tracks are slightly 

different, the cyclone originates in the Colorado region. The fourth regime category is 

Frontal Passage.  With this regime, there is often a very long and extended cold front or 

stationary front without a well defined mid-latitude cyclone near Missouri.  The last 

regime is the Other Synoptic Features regime.  With this regime, there is not a specific 

mid-latitude cyclone associated with the winter precipitation in Missouri or a frontal 

passage that could be responsible.   
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Figure 4.27  Graph showing the number of heavy snowfall events with snowfall of 6-11.9 inches by 

specific mid-latitude cyclone regime for Missouri from 1 October 1960-31 May 2010. 

 

 

4.4.2  HEAVY SNOWFALL EVENTS BY MID-LATITUDE 

CYCLONE REGIME 

There are 318 events in the heavy snowfall climatology, 314 of those events were 

analyzed by their dominant weather regime.  Four events were not analyzed because daily 

weather maps for those events were not available from the NOAA Central Library.  

Figure 4.26 is a graph that shows the number of heavy snowfall events by specific mid-

latitude cyclone regime.   
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Figure 4.28  Graph showing the number of heavy snowfall events with snowfall of 12-17.9 inches by 

specific mid-latitude cyclone regime for Missouri from 1 October 1960-31 May 2010. 

 

 

From 1 October 1960-31 May 2010, the most common mid-latitude cyclone 

regime associated with heavy snowfall was the Texas/West Gulf Low with 136 events.  

The Colorado Low was the second most common mid-latitude cyclone regime with 103 

events.  The least common mid-latitude cyclone regime was the Alberta Low with 13 

events. 
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Figure 4.29  Graph showing the number of heavy snowfall events with snowfall of 18-23.9 inches by 

specific mid-latitude cyclone regime for Missouri from 1 October 1960-31 May 2010. 

 

 

4.4.3  SNOWFALL AMOUNT BY MID-LATITUDE CYCLONE 

REGIME 

The 314 heavy snowfall events were classified by snowfall amount and then 

analysis was done to identify the mid-latitude cyclone regime associated with specific 

amounts of snowfall over 48 hours.  The snowfall categories are: 6-11.9 inches, 12-17.9 

inches, 18-23.9 inches, and 24-29.9 inches.   Figure 4.27 is a graph that shows the 

number of heavy snowfall events with snowfall of 6-11.9 inches by specific mid-latitude 

cyclone regime.   
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Figure 4.30  Graph showing the number of heavy snowfall events with snowfall of 24-29.9 inches by 

specific mid-latitude cyclone regime for Missouri from 1 October 1960-31 May 2010. 

 

 

From 1 October 1960-31 May 2010, the most common mid-latitude cyclone 

regime associated with heavy snowfall events with snowfall of 6-11.9 inches was the 

Texas/West Gulf Low with 90 events.  Colorado Lows were the second most common 

mid-latitude cyclone regime with 81 events.  The least common mid-latitude cyclone 

regime was the Alberta Low with 10 events. 
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Figure 4.31  Graph showing the number of heavy ice events by specific mid-latitude cyclone regime 

for Missouri from 1 October 1960-31 May 2010. 

 

 

Figure 4.28 is a graph that shows the number of heavy snowfall events with 

snowfall of 12-17.9 inches by specific mid-latitude cyclone regime.  From 1 October 

1960-31 May 2010, the most common mid-latitude cyclone regime associated with heavy 

snowfall events with snowfall of 12-17.9 inches was the Texas/West Gulf Low with 30 

events.  Colorado Lows were the second most common mid-latitude cyclone regime with 

18 events.  The least common mid-latitude cyclone regimes were the Alberta Low and 

Frontal Passage with three events each.   
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Figure 4.32  Graph showing the number of mixed precipitation events by specific mid-latitude 

cyclone regime for Missouri from 1 October 1960-31 May 2010. 

 

 

Figure 4.29 is a graph that shows the number of heavy snowfall events with 

snowfall of 18-23.9 inches by specific mid-latitude cyclone regime.  From 1 October 

1960-31 May 2010, the most common mid-latitude cyclone regime associated with heavy 

snowfall events with snowfall of 18-23.9 inches was the Texas/West Gulf Low with 13 

events.  The least common mid-latitude cyclone regime was the Alberta Low and Frontal 

Passage with zero events each.   

Figure 4.30 is a graph that shows the number of heavy snowfall events with 

snowfall of 24-29.9 inches by specific mid-latitude cyclone regime.  From 1 October 

1960-31 May 2010, the most common mid-latitude cyclone regime associated with heavy 

snowfall events with snowfall of 24-29.9 inches was the Texas/West Gulf Low with three 

events. 
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4.4.4  HEAVY ICE EVENTS BY MID-LATITUDE CYCLONE 

REGIME 

There are 66 events in the heavy ice climatology.  All of those events were 

analyzed by their dominant weather regime.  Figure 4.31 is a graph that shows the 

number of heavy ice events by specific mid-latitude cyclone regime.  From 1 October 

1960-31 May 2010, the most common mid-latitude cyclone regime associated with heavy 

ice events was the Colorado Low with 22 events and the Texas/West Gulf Low with 22 

events.  The least common mid-latitude cyclone regime was the Alberta Low with two 

events. 

 

4.4.5  MIXED PRECIPITATION EVENTS BY MID-LATITUDE 

CYCLONE REGIME 

There are 27 events in the mixed precipitation climatology.  All of those events 

were analyzed by their dominant weather regime.  Figure 4.32 is a graph that shows the 

number of mixed precipitation events by specific mid-latitude cyclone regime.  From 1 

October 1960-31 May 2010, the most common mid-latitude cyclone regime associated 

with mixed precipitation events was the Texas/West Gulf Low with 15 events.  The 

Colorado Low was the second most common with 9 events.  The least common mid-

latitude cyclone regime was the Frontal Passage with zero events 
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4.5  SUMMARY 

Some key points to take from the heavy snowfall climatology is that from October 

1960-May 2010 there were 318 heavy snowfall events. Most heavy snowfall events occur 

in the months of January and Feburary.  Most (236 or 74%) of heavy snowfall events 

produce snowfall in the 6-11.9 inch range over 48 hours. There has only been one heavy 

snowfall event in the month of October and no events in the months of May, June, July, 

August, or September.  Although it is rare, Missouri does see snowfall events with 

snowfall accumulations in the 24-29.9 inch range over 48 hours.  The decade with the 

most heavy snowfall events from 1960-2010 was the 1970’s. 

There were 318 events in the heavy snowfall climatology, 314 of those events 

were analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, 

the most common mid-latitude cyclone regime associated with heavy snowfall was the 

Texas/West Gulf Low with 136 events.  The Colorado Low was the second most 

common mid-latitude cyclone regime with 103 events.  The least common mid-latitude 

cyclone regime was the Alberta Low with 13 events. 

From 1 October 1960-31 May 2010, the most common mid-latitude cyclone 

regime associated with heavy snowfall events with snowfall of 6-11.9 inches was the 

Texas/West Gulf Low with 90 events.  Colorado Lows were the second most common 

mid-latitude cyclone regime with 81 events.  From 1 October 1960-31 May 2010, the 

most common mid-latitude cyclone regime associated with heavy snowfall events with 

snowfall of 12-17.9 inches was the Texas/West Gulf Low with 30 events.  Colorado 

Lows were the second most common mid-latitude cyclone regime with 18 events.  From 

1 October 1960-31 May 2010, the most common mid-latitude cyclone regime associated 
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with heavy snowfall events with snowfall of 18-23.9 inches was the Texas/West Gulf 

Low with 13 events.  From 1 October 1960-31 May 2010, the most common mid-latitude 

cyclone regime associated with heavy snowfall events with snowfall of 24-29.9 inches 

was the Texas/West Gulf Low with three events. 

Some key points to take from the heavy ice climatology is that there were 66 

events identified over 50 years from 1960-2010.  Ice events over time do show a positive 

linear association.  However, this is likely due to the fact that ice event records have 

improved over the same period.  The lowest number of events per winter season is zero 

and the highest number of events per winter seasons is seven.  The 2000-2001 winter 

season had the most heavy ice events (seven).  The 1 October 2000-31 May 2010 decade 

had the most heavy ice events with 33.  The 1 October 1960-31 May 1970 decade had the 

lowest number of heavy ice events at one.  Again, this is likely due to ice event records 

increasing over time.  The months with the lowest number of events were October, April, 

and May with zero events.  December had the highest number of events at 22.    

There are 66 events in the heavy ice climatology.  All of those events were 

analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, the 

most common mid-latitude cyclone regime associated with heavy ice events was the 

Colorado Low with 22 events and the Texas/West Gulf Low with 22 events.  The least 

common mid-latitude cyclone regime was the Alberta Low with two events. 

Some key points to take from the heavy mixed precipitation climatology is that 

that there were 27 events identified over 50 years from 1960-2010.  Mixed precipitation 

events over time do show a positive linear association.  However, this is likely due to the 

fact that ice event records have increased over the same period.  The lowest number of 
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events per winter season is zero and the highest number of events per winter seasons is 

three.  The 1 October 2000-31 May 2010 winter season had the most heavy mixed 

precipitation events (three).  The October 2000-31 May 2010 decade had the most heavy 

mixed precipitation events with 14.  The 1 October 1960-31 May 1970 decade had the 

lowest number of mixed precipitation events at one.  Again, this is likely due to the ice 

event records part of the mixed precipitation event improving over time.  The months 

with the lowest number of events were October, April, and May with zero events.  

January had the highest number of events at 10.   

There are 27 events in the mixed precipitation climatology.  All of those events 

were analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, 

the most common mid-latitude cyclone regime associated with mixed precipitation events 

was the Texas/West Gulf Low with 15 events.  The Colorado Low was the second most 

common with nine events.  The least common mid-latitude cyclone regime was the 

Frontal Passage with zero events. 

The Texas/West Gulf Low and the Colorado Low are the most common mid-

latitude cyclone regimes responsible for heavy snowfall in Missouri from 1960-2010.  

The reason for this has to do with where Missouri is located in relation to the region of 

cyclogenesis for these mid-latitude cyclones, and that these mid-latitude cyclones often 

have ample moisture due to the fact that they can access warm, moisture air from the 

Gulf of Mexico.  Also, Market et al. (2002) showed that heavy snowfall is often observed 

in the northern portion of a low-pressure center of a mid-latitude cyclone.  The 

Texas/West Gulf Low and the Colorado Low (with the more southern track) will often set 

up with portions of Missouri located in that northern part of the low-pressure center of 
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the mid-latitude cyclone.  Alberta Lows don’t result in heavy snowfall as often because 

they usually bring colder and drier conditions to Missouri.  The Frontal Passage and 

Other Synoptic Features regimes that are not associated with the previously mentioned 

mid-latitudes cyclones don’t often produce large amounts of snowfall in Missouri.  This 

is possibly due to a lack of organization and moisture transport capabilities.    
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CHAPTER 5:  VARIABILITY AND HEAVY SNOWFALL 

Using the heavy snowfall climatology presented in Chapter 4, variability on the 

annual and decadal time scales can be investigated.  Analysis of variability using the 

heavy ice climatology from Chapter 4 was not performed due to the availability of 

observations in the early part of the climatology.  The results would not be as reliable as 

the results using the heavy snowfall climatology.  It is important to look at how the 

number of heavy snowfall events has changed, if at all over the last 50 years in the heavy 

snowfall climatology (1960-2010).  Figure 4.1 (refer back to Chapter 4) is a heavy 

snowfall events per year scatter plot.  With a 𝑅2 value equal to 0.04 for the linear 

trendline, we can conclude that the amount of heavy snowfall events per winter season 

are not specifically increasing or decreasing with time from 1960-2010 at a statistically 

significant level. Also, the F-test shows the trend is not statistically significant.  

Figure 5.1 is a power spectrum (Fourier) analysis of heavy snowfall events in 

Missouri by winter season from 1960-2010.  Fourier analysis converts Cartesian data to 

wave space.  The power spectrum analysis shows significant periodicities within the time 

series.  The dashed line displays the 95% confidence level against white noise 

background continuum. The y-axis displays the relative magnitude or power of the 

Fourier and wavelet coefficients.  The x-axis is the wave number.  The period is the 

length of time (50 years) divided by the wave number.   
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Figure 5.1  Power spectrum analysis of heavy snowfall events in Missouri by winter season from 

1960-2010. The y-axis displays the relative magnitude or power of the Fourier and wavelet 

coefficients. The y-axis is unitless. The x-axis displays the period of each cycle in years. The dashed 

line displays the 95% confidence level against white noise background continuum.  The red circle 

indicates the wave peaks associated with ENSO. 

 

 

The red circle on Figure 5.1 shows the wave peaks associated with The El Niño 

Southern Oscillation (ENSO).  The wave peaks are located at 11 and 14.  With the 50-

year heavy snowfall data set, that equates to cycles of 3.6 to 4.5 years.  Those time scales 

fit in well with the periodicity of ENSO.  The power spectrum analysis indicates that 

ENSO plays a part in the variation of heavy snowfall events in Missouri.   
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Table 5.1  Heavy snowfall events for Missouri from 1960-2010 categorized by ENSO phase and 

snowfall amount over 48 hours.  The first number corresponds to the number of events that occurred 

during the specific phase and the second number corresponds to the average number of events per 

winter season during the specific phase.  A winter season is October of one year through May of the 

next year. 

 

 

5.1  INTERANNUAL VARIABILITY AND HEAVY SNOWFALL 

EVENTS 

The variability of the ENSO has a large impact on weather and climate in various 

locations of the United States.  In an effort to better understand how ENSO variability 

impacts Missouri weather and climate, analysis has been performed using the heavy 

snowfall climatology in conjunction with identified ENSO events from 1960-2010.  

Table 5.1 shows heavy snowfall events for Missouri from 1960-2010 categorized by 

ENSO phase and snowfall amount over 48 hours. 
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Figure 5.2  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

phase and snowfall amount over 48 hours.  To use the chart, determine current or future ENSO 

phase, followed by a snowfall range.  The number in the oval that is connected to the snowfall range 

will tell the user the average number of heavy snowfall events that occur per year (winter season) in 

Missouri for those criteria.  A winter season is October of one year through May of the next year. 
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The analysis indicated that there is not a large difference in the number of events 

per winter season averages between the phases of ENSO.  During El Niño years there are 

on average 6.5 events.  During Neutral years there are on average 6 events.  Finally, 

during La Niña years there are on average 6.9 events. The largest difference (1.2 events) 

between the phases of ENSO occurs with the 6-11.9 inch snowfall category.  During El 

Niño years there are on average 5.4 events per winter season with snowfall between 6-

11.9 inches.  During Neutral years there are on average 4.2 events.  Finally, during La 

Niña years there are on average 5.2 events.   

When looking at ENSO variability with heavy snowfall events, there is only a 

slight variation between the number of heavy snowfall events and the phase of the ENSO 

cycle they occur in.  This is similar to Berger et al. (2003) and Lupo et al. (2005) for 

Northwest and Southwest Missouri, respectively.  

Figure 5.2 is a flow chart that has been created to aid meteorologists in the long-

range forecasting of heavy snowfall events.  To use the chart, a forecaster would 

determine which ENSO phase (El Niño, Neutral, or La Niña) the upcoming winter would 

fall under.  They may already be in a particular ENSO cycle or a new ENSO cycle may 

be forecasted for the upcoming winter.  Then the forecaster can use the flowchart to see 

how many events occur on average per year in Missouri by snowfall amount for the 

particular ENSO phase.   
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Table 5.2  Heavy snowfall events for Missouri from 1960-2010 categorized by PDO phase and 

snowfall amount over 48 hours.  The first number corresponds to the number of events that occurred 

per specific PDO phase and the second number corresponds to the average number of events per 

winter season per specific PDO phase.  A winter season is October of one year through May of the 

next year. 

 

5.2  THE PACIFIC DECADAL OSCILLATION AND HEAVY 

SNOWFALL 

The Pacific Decadal Oscillation (PDO) has two specific phases.  The negative 

PDO phase (-PDO or PDO2) corresponds to the years 1947-1976 and 1999-present.  The 

positive PDO phase (+PDO or PDO1) corresponds to the years 1977-1998.  Table 5.2 

shows heavy snowfall events for Missouri from 1960-2010 categorized by PDO phase 

and snowfall amount over 48 hours. The first number in Table 5.2 corresponds to the 

number of events that occurred during the specific PDO phase and the second number 

corresponds to the average number of events per winter season during the specific PDO 

phase.  When all of the heavy snowfall events are averaged together there is only a slight 

difference in the average number of events per winter season during the negative phase of 

the PDO (6.2) and the number of events per winter season during the positive phase of 

the PDO (6.5).  But, there are more 6-11.9 inch events in the negative phase of the PDO 

and more 18-23.9 inch events in the positive phase of the PDO.  Figure 5.3 is a flow chart 

that is associated the PDO.  To use the chart, one would apply the same process as with 

the flowchart in Figure 5.2.   
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Figure 5.3  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by PDO 

phase and snowfall amount over 48 hours.  To use the chart, determine current or future PDO phase, 

followed by a snowfall range.  The number in the oval that is connected to the snowfall range will tell 

the user the average number of heavy snowfall events that occur per year (winter season) in Missouri 

for those criteria.  A winter season is October of one year through May of the next year. 
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Table 5.3  Heavy snowfall events for Missouri from 1960-2010 categorized by PDO phase, ENSO 

phase, and snowfall amount over 48 hours.  The first number corresponds to the number of events 

that occurred per specific PDO and ENSO phase, and the second number corresponds to the average 

number of events per winter season per specific PDO and ENSO phase.  A winter season is October 

of one year through May of the next year. 

 

 

According to Birk et al. (2010), the PDO can have an impact on the variability of 

the ENSO cycle.  This can then change the inherent impacts of ENSO variability on 

Missouri weather and climate.  This premise is investigated in this research by comparing 

ENSO phases with PDO phases using heavy snowfall events from 1960-2010. Table 5.3 

shows heavy snowfall events for Missouri from 1960-2010 categorized by snowfall 

amount over 48 hours, PDO phase and ENSO phase.  

For El Niño years that occurred during the negative PDO phase, there is an 

average of 7.6 heavy snowfall events per winter season.  During the positive PDO phase, 

there is an average of 4.8 heavy snowfall events per winter season.  This results in a 

difference of 2.8 heavy snowfall events per winter season between the negative and 

positive PDO phase.  This difference is also prevalent in the 6-11.9 inch snowfall 

category.  With an average of 6.3 (4.0) heavy snowfall events per winter season during El 

Niño years that occurred during the negative (positive) PDO phase.  For the 6-11.9 inch 
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snowfall category the difference between the negative and positive PDO phases during El 

Niño years is 2.3 events per winter season.  

For Neutral years that occurred during the negative PDO phase, there was an 

average of 4.6 heavy snowfall events per winter season.  During the positive PDO phase, 

there is an average of 7.1 heavy snowfall events per winter season.  This results in a 

difference of 2.5 events per winter season between the negative and positive PDO phase 

during Neutral years.   

For La Niña years that occurred during the negative PDO phase, there is an 

average of 6.9 heavy snowfall events per winter season.  During the positive PDO phase, 

there is an average of seven heavy snowfall events per winter season.  This results in an 

insignificant difference of 0.1 events per winter season between the negative and positive 

PDO phase during La Niña years.  
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Figure 5.4  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

phase, PDO phase, and snowfall amount over 48 hours.  To use the chart, determine current or 

future ENSO phase, followed by current or future PDO phase.  Then determine a snowfall range.  

The number in the oval that is connected to the snowfall range will tell the user the average number 

of heavy snowfall events that occur per year (winter season) in Missouri for those criteria.  A winter 

season is October of one year through May of the next year. 
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Table 5.4  Heavy snowfall events for Missouri from 1960-2010 categorized by NAO phase and 

snowfall amount over 48 hours.  The first number corresponds to the number of events that occurred 

and the second number corresponds to the average number of events per winter season.  A winter 

season is defined as October of one year through May of the next year. 

 

 

Figure 5.4 is a flow chart that is associated with ENSO and the PDO.  To use the 

chart, one would apply the same process as with the flowchart in Figure 5.2.  However, 

after the ENSO phase is determined, the PDO (- Negative or + Positive) phase must also 

be determined.  The PDO is a much longer cycle than ENSO, so there won’t be nearly as 

much fluctuation over time.  After the PDO phase has been determined, all that has to be 

done is to pick a snowfall range.  The chart will then tell the forecaster how many events 

occur on average per year in Missouri for that combination of ENSO and PDO phases.  

 

5.3  NORTH ATLANTIC OSCILLATION AND HEAVY SNOWFALL 

The North Atlantic Oscillation (NAO) also has two phases like the PDO.  

However, there is debate over the cyclical nature of the NAO.  From 1960-2010, every 

winter season has been designated into a particular NAO phase.  The two phases are the 

negative NAO phase (-NAO) and the positive NAO phase (-NAO).  Table 5.4 shows 

heavy snowfall events for Missouri from 1960-2010 categorized by NAO phase and 

snowfall amount over 48 hours.  The first number in Table 5.4 corresponds to the number 

of events that occurred per specific NAO phase and the second number corresponds to 
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the average number of events per winter season per specific NAO phase.  When all heavy 

snowfall events are averaged together there is a 1.4 difference in the average number of 

events per year during the negative phase of the NAO (4.6) and the positive phase of the 

NAO (6.0).  Figure 5.5 is a flow chart that is associated the NAO.  To use the chart, one 

would apply the same process as with the flowchart in Figure 5.2. 

Table 5.5 shows the differences in the averages for the three ENSO phases and 

the two phases of the PDO.  Since the data are available from the heavy snowfall 

climatology, the averages were also calculated for the NAO to investigate any ENSO 

related variability. Table 5.5 shows heavy snowfall events for Missouri from 1960-2010 

categorized by NAO phase, ENSO phase, and snowfall amount over 48 hours.  The first 

number in Table 5.5 corresponds to the number of events that occurred per specific NAO 

and ENSO phase and the second number corresponds to the average number of events per 

winter season per specific NAO and ENSO phase. 
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Figure 5.5  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by NAO 

phase and snowfall amount over 48 hours.  To use the chart, determine current or future NAO 

phase, followed by a snowfall range.  The number in the oval that is connected to the snowfall range 

will tell the user the average number of heavy snowfall events that occur per year (winter season) in 

Missouri for those criteria.  A winter season is October of one year through May of the next year. 
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Table 5.5 Heavy snowfall events for Missouri from 1960-2010 categorized by NAO phase, ENSO 

phase, and snowfall amount over 48 hours.  The first number corresponds to the number of events 

that occurred per specific NAO and ENSO phase and the second number corresponds to the average 

number of events per winter season per specific NAO and ENSO phase.  A winter season is October 

of one year through May of the next year. 

 

 

For El Niño years that occurred during the negative NAO phase, there is an 

average of 7.8 heavy snowfall events per winter season.  During the positive NAO phase, 

there is an average of 5.4 heavy snowfall events per winter season.  This results in a 

difference of 2.4 events per winter season between the negative and positive NAO phases 

during El Niño years.  This difference is also prevalent in the 6-11.9 inch snowfall 

category.  With an average of 6.7 (4.3) heavy snowfall events per winter season during El 

Niño years that occurred during the negative (positive) NAO phase.  For the 6-11.9 inch 

snowfall category the difference between the negative and positive NAO phases during 

El Niño years is 2.4 events per winter season. 

For Neutral years that occurred during the negative NAO phase, there were on 

average 6.3 heavy snowfall events per winter season.  During the positive PDO phase, 

there is an average of 5.9 heavy snowfall events per winter season.  There is a 0.4 

difference in the average number of events per winter season between the negative and 

positive NAO phase during Neutral years.   
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For La Niña years that occurred during the negative NAO phase, there is an 

average of 7.7 heavy snowfall events per winter season.  During the positive NAO phase, 

there is an average of 6.6 heavy snowfall events per winter season.  This results in a 

difference of 1.1 events per winter season between the negative and positive NAO phase 

during La Niña years.   

Figure 5.6 is the flow chart associated with ENSO and the NAO. The same 

process for the ENSO and PDO flowchart (Figure 5.2 and Figure 5.3) would be applied 

to the flowchart with ENSO and NAO.  Instead of determining the PDO phase, the 

forecaster would determine the NAO phase instead. 
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Figure 5.6  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

phase, NAO phase, and snowfall amount over 48 hours.  To use the chart, determine current or 

future ENSO phase, followed by current or future NAO phase.  Then determine a snowfall range.  

The number in the oval that is connected to the snowfall range will tell the user the average number 

of heavy snowfall events that occur per year (winter season) in Missouri for those criteria.  A winter 

season is October of one year through May of the next year. 
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Table 5.6  Heavy snowfall events for Missouri from 1960-2010 categorized by ENSO (El Niño) phase, 

PDO phase, NAO phase, and snowfall amount over 48 hours.  The first number corresponds to the 

number of events that occurred per specific ENSO, PDO, and NAO phase and the second number 

corresponds to the average number of events per winter season per specific ENSO, PDO, and NAO 

phase.  A winter season is October of one year through May of the next year. 

 

 

 

Table 5.7  Heavy snowfall events for Missouri from 1960-2010 categorized by ENSO (Neutral) phase, 

PDO phase, NAO phase, and snowfall amount over 48 hours.  The first number corresponds to the 

number of events that occurred per specific ENSO, PDO, and NAO phase and the second number 

corresponds to the average number of events per winter season per specific ENSO, PDO, and NAO 

phase.  A winter season is October of one year through May of the next year. 
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Table 5.8  Heavy snowfall events for Missouri from 1960-2010 categorized by ENSO (La Niña) phase, 

PDO phase, NAO phase, and snowfall amount over 48 hours.  The first number corresponds to the 

number of events that occurred per specific ENSO, PDO, and NAO phase and the second number 

corresponds to the average number of events per winter season per specific ENSO, PDO, and NAO 

phase.  A winter season is October of one year through May of the next year. 

 

5.4  HEAVY SNOWFALL VARIABILITY ACROSS ENSO, THE 

PDO, AND THE NAO 

Although it becomes significantly more complicated, all three oscillations were 

looked at together, to determine if any useful information could be deducted from the 

analysis.  Table 5.6 shows heavy snowfall events for Missouri from 1960-2010 

categorized by the El Niño phase of ENSO, both PDO phases, both NAO phase, and 

snowfall amount over 48 hours.  The first number in Table 5.6 corresponds to the number 

of events that occurred per specific PDO and NAO phase and the second number 

corresponds to the average number of events per winter season per specific PDO and 

NAO phase.  When all heavy snowfall events are averaged together, the most events per 

winter season (8) occurred when the PDO was negative and the NAO was also negative.  

For snowfall events between 6 and 11.9 inches there were 6.8 events per winter season.  

The least number of events per winter season (4.3) occurred when the PDO was positive 
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and the NAO was also positive.  For snowfall events between 6 and 11.9 inches there 

were 3.5 events per winter season.   

Table 5.7 shows heavy snowfall events for Missouri from 1960-2010 categorized 

by the Neutral phase of ENSO, both PDO phases, both NAO phase, and snowfall amount 

over 48 hours.  The first number in Table 5.7 corresponds to the number of events that 

occurred per specific PDO and NAO phase and the second number corresponds to the 

average number of events per winter season per specific PDO and NAO phase.  When all 

heavy snowfall events are averaged together, the most events per winter season (8.8) 

occurred when the PDO was positive and the NAO was negative.  This combination also 

resulted in more events per winter season than of any ENSO, PDO, and NAO 

combination.  For snowfall events between 6 and 11.9 inches there were 5.3 events per 

winter season.  The least number of events per winter season (4.3) occurred when the 

PDO was negative and the NAO was positive.  For snowfall events between 6 and 11.9 

inches there were three events per winter season.   

Table 5.8 shows heavy snowfall events for Missouri from 1960-2010 categorized 

by the La Niña phase of ENSO, both PDO phases, both NAO phase, and snowfall amount 

over 48 hours.  The first number in Table 5.8 corresponds to the number of events that 

occurred per specific PDO and NAO phase and the second number corresponds to the 

average number of events per winter season per specific PDO and NAO phase.  When all 

heavy snowfall events are averaged together, the most events per winter season (7.7) 

occurred when the PDO was negative and the NAO was also negative.  For snowfall 

events between 6 and 11.9 inches there were six events per winter season.  The least 

number of events per winter season (zero) occurred when the PDO was positive and the 
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NAO was negative.  For snowfall events between 6 and 11.9 inches there were zero 

events per winter season.  This combination also resulted in the least number of events 

per winter season of any ENSO, PDO, and NAO combination.   

Figures 5.7-5.9 are more complicated flow charts as they deal with ENSO, the 

PDO, and the NAO.  With these flowcharts first determine which ENSO phase is 

occurring or will be occurring.  Then determine which PDO phase is occurring or will be 

occurring.  Finally, determine which NAO phase is occurring or will be occurring.  At 

this point pick a snowfall range.  The chart will then tell you have many events occur on 

average per year in Missouri for that combination of ENSO, PDO, and NAO phases.  

When using these flowcharts the forecaster must be aware that these are merely long-

term averages.  Every year is going to have some variability.  These flowcharts are meant 

as guidelines and tools for long-range forecasting of heavy snowfall in Missouri.  
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Figure 5.7  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

(El Niño) phase, PDO phase, NAO phase, and snowfall amount over 48 hours.  Use this chart if you 

are in the El Niño phase of ENSO.  First the user must determine the current or future PDO phase.  

With this chart, the user will have to go one step further and determine the current or future NAO 

phase as well.  Then determine a snowfall range.  The number in the oval that is connected to the 

snowfall range will tell the user the average number of heavy snowfall events that occur per year 

(winter season) in Missouri for those criteria.  A winter season is October of one year through May of 

the next year. 
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Figure 5.8  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

(Neutral) phase, PDO phase, NAO phase, and snowfall amount over 48 hours.  Use this chart if you 

are in the Neutral phase of ENSO.  First the user must determine the current or future PDO phase.  

With this chart, the user will have to go one step further and determine the current or future NAO 

phase as well.  Then determine a snowfall range.  The number in the oval that is connected to the 

snowfall range will tell the user the average number of heavy snowfall events that occur per year 

(winter season) in Missouri for those criteria.  A winter season is October of one year through May of 

the next year. 
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Figure 5.9  Flowchart for heavy snowfall events for Missouri from 1960-2010 categorized by ENSO 

(La Niña) phase, PDO phase, NAO phase, and snowfall amount over 48 hours.  Use this chart if you 

are in the La Niña phase of ENSO.  First the user must determine the current or future PDO phase.  

With this chart, the user will have to go one step further and determine the current or future NAO 

phase as well.  Then determine a snowfall range.  The number in the oval that is connected to the 

snowfall range will tell the user the average number of heavy snowfall events that occur per year 

(winter season) in Missouri for those criteria.  A winter season is October of one year through May of 

the next year. 
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5.5  SUMMARY 

Some key points to take away from that analysis of heavy snowfall and 

interannual and interdecadal variability are:   

Heavy snowfall events per winter season are not specifically increasing or 

decreasing with time from 1960-2010 at a statistically significant level.  Also, the power 

spectrum analysis indicates that ENSO plays a part in the variation of heavy snowfall 

events in Missouri.  During El Niño years there are on average 6.5 events.  During 

Neutral years there are on average six events.  Finally, during La Niña years there are on 

average 6.9 events.  There is less then one event difference between El Niño, Neutral, and 

La Niña years. 

When all of the heavy snowfall events are averaged together there is only a slight 

difference in the average number of events per winter season during the negative phase of 

the PDO (6.2) and the number of events per winter season during the positive phase of 

the PDO (6.5).  For El Niño years that occurred during the negative PDO phase, there is 

an average of 7.6 heavy snowfall events per winter season.  During the positive PDO 

phase, there is an average of 4.8 heavy snowfall events per winter season.  This results in 

a difference of 2.8 heavy snowfall events per winter season between the negative and 

positive PDO phase.  For Neutral years that occurred during the negative PDO phase, 

there was an average of 4.6 heavy snowfall events per winter season.  During the positive 

PDO phase, there is an average of 7.1 heavy snowfall events per winter season.  This 

results in a difference of 2.5 events per winter season between the negative and positive 

PDO phase during Neutral years.  For La Niña years that occurred during the negative 

PDO phase, there is an average of 6.9 heavy snowfall events per winter season.  During 
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the positive PDO phase, there is an average of seven heavy snowfall events per winter 

season.  This results in an insignificant difference of 0.1 events per winter season 

between the negative and positive PDO phase during La Niña years.   

When all heavy snowfall events are averaged together there is a .8 difference in 

the average number of events per year during the negative phase of the NAO (4.6) and 

the positive phase of the NAO (6).   For El Niño years that occurred during the negative 

NAO phase, there is an average of 7.8 heavy snowfall events per winter season.  During 

the positive NAO phase, there is an average of 5.4 heavy snowfall events per winter 

season.  This results in a difference of 2.4 events per winter season between the negative 

and positive NAO phases during El Niño years.   For Neutral years that occurred during 

the negative NAO phase, there were on average 6.3 heavy snowfall events per winter 

season.  During the positive NAO cycle, there is also an average of 5.9 heavy snowfall 

events per winter season.  There was a 0.4 difference in the average number of events per 

winter season between the negative and positive NAO phase during Neutral years.   For 

La Niña years that occurred during the negative NAO cycle, there is an average of 7.7 

heavy snowfall events per winter season.  During the positive NAO cycle, there is an 

average of 6.6 heavy snowfall events per winter season.  This results in a difference of 1 

event per winter season between the negative and positive NAO phase during La Niña 

years.   

During the El Niño phase of ENSO, when all heavy snowfall events are averaged 

together, the most events per winter season (8) occurred when the PDO was negative and 

the NAO was also negative.  During the Neutral phase of ENSO, when all heavy snowfall 

events are averaged together, the most events per winter season (8.8) occurred when the 
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PDO was positive and the NAO was negative.  This combination also resulted in more 

events per winter season than of any ENSO, PDO, and NAO combination.  During the El 

Niño phase of ENSO, when all heavy snowfall events are averaged together, the most 

events per winter season (7.7) occurred when the PDO was negative and the NAO was 

also negative.   
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CHAPTER 6:  AUTOMOBILE ACCIDENTS AND 

SNOWFALL AMOUNTS 

Winter weather in Missouri often has a major impact on transportation across the 

state.  Hundreds of automobile accidents occur every year in Missouri because of snow 

events.  Automobile accident data was collected from the Missouri Department of 

Transportation (MoDOT) from October 2000 through May 2010.  The automobile 

accidents occurred on interstates that run through Missouri.  Those interstates are I-29, I-

35, I-44, I-49, I-55, and I-70.  I-49 officially became an interstate in December of 2012.  

Before that is was U.S. Highway 71.  Accident data for I-49 was actually for U.S. 

Highway 71.  Since, it has been changed over, those accidents are included with the 

interstate accidents.  Refer to Figure 3.3 for a map depicting the location of Missouri 

interstates.  There were 4,904 automobile accidents on Missouri interstates that occurred 

during snowfall and with snowfall accumulation on the interstate from 1 October 2000-31 

May 2010.   
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6.1  FIRST AUTOMOBILE ACCIDENTS WITH SNOWFALL BY 

WINTER SEASON 

Table 6.1 shows the dates of the first day per winter season with accidents that 

occurred during snowfall and with snowfall accumulation on the interstate that occurred 

each winter season from 1 October 2000-31 May 2010.  All winter seasons except the 

2002-2003 winter season had the first accidents occur in the month of November.  The 

first accidents to occur in the 2002-2003 winter season were in the month of October.  

Although, these were the first accidents of the season from snowfall with snow on the 

interstates, none of them were days with the most automobile accidents.  The most first 

snowfall accidents occurred on 24 November 2004.  This also happened to be the day 

before Thanksgiving. 

For a comparison, Table 6.2 shows the dates of the second day with accidents per 

winter season associated with snowfall with snow on the interstates that occurred each 

winter season from 1 October 2000-31 May 2010.  When the numbers are averaged, there 

is not much difference in the average number of accidents on the first day compared to 

the second day.  The first day with accidents has an average of eight accidents.  The 

second day has an average of 6.9 accidents.   
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Table 6.1  Dates of the first snowfall accidents on Missouri interstates for each season from October 

2000-May 2010.  The total number of accidents for each date is also included. 

 

 

 

Table 6.2  Dates of the second snowfall accidents on Missouri interstates for each season from 

October 2000-May 2010.  The total number of accidents for each date is also included. 
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Table 6.3   Dates with the greatest number of accidents on Missouri interstates for each winter season 

from 1 October 2000-31 May 2010.  The snowfall amounts are for a 72-hour period.  Includes the 

winter season, dates with the greatest number of accidents, total number of accidents, number of 

accidents with snowfall between 0-2.9 inches, 3-5.9 inches, 9-11.9 inches, and 12-14.9 inches.  There 

were no accidents with snowfall greater then 15 inches for the above dates.  
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6.2  AUTOMOBILE ACCIDENTS ASSOCIATED WITH SNOWFALL 

ACCUMULATION 

Table 6.3 shows each date per winter season from 1 October 2000-31 May 2010 

with the most automobile accidents that occurred during snowfall and with snowfall 

accumulation on the interstate.  The dates vary by month and occur between December 

and March.  Snowfall data running over 72-hours for the accident analysis was gathered 

from the National Climatic Data Center (NCDC).  Weather observing stations (COOP, 1st 

order weather station data, and the CoCoRaHs network) were chosen for the snowfall 

measurement by the county the accident occurred in, proximity to interstate, and validity 

of the snowfall measurement.  72-hours was chosen as time period of record because it 

included snowfall that occurred before, during, and after the accident. The 72-hour period 

also solved the issue of variation in the time observers recorded their snowfall 

measurements at different stations.  Snowfall amounts were grouped into the following 

categories: 0-2.9 inches, 3-5.9 inches, 6-8.9 inches, 9-11.9 inches, 12-14.9 inches, 15-

17.9 inches, and 18-20.9 inches.  The top three dates with the most automobile accidents 

that occurred during snowfall while snow was on the interstate were 2 March 2002 (136 

accidents), 28 February 2009 (131 accidents), and 13 February 2007 (125 accidents). 

 

 

 

 

 



 

 

163 

 

 

Table 6.4  Dates with the greatest number of accidents on Missouri interstates from 1 October 2000-

31 May 2010.  The total number of accidents for each date is also included as well as the number of 

accidents for each snowfall category for a 72-hour period.  There were no accidents with snowfall 

greater then 12 inches for the above dates.  
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Table 6.4 shows each date from 1 October 2000-31 May 2010 with the most 

automobile accidents regardless of season that occurred during snowfall and with 

snowfall accumulation on the interstate.  Snowfall amounts were grouped into the 

following categories: 0-2.9 inches, 3-5.9 inches, 6-8.9 inches, 9-11.9 inches, 12-14.9 

inches, 15-17.9 inches, and 18-20.9 inches.  The top three dates with the most automobile 

accidents from snowfall with snow on the interstates were 2 March 2002 (136 accidents), 

28 February 2009 (131 accidents), and 13 February 2007 (125 accidents).  These are the 

same three dates from Table 6.3. 

 

6.3  AUTOMOBILE ACCIDENTS BY SNOWFALL CATEGORY       

There were 4,904 automobile accidents on Missouri interstates that occurred 

during snowfall events with snowfall on the interstates from October 2000-May 2010. 

These accidents were analyzed to investigate how total snowfall amounts correlate to the 

number of automobile accidents on a particular day.  Only days with 10 or more 

automobile accidents occurring with snowfall and snow on the interstate were analyzed.  

After this criteria was applied there were 4,235 automobile accidents occurring over 109 

days.  
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Table 6.5  Number of automobile accidents on Missouri interstates from 1 October 2000-31 May 

2010 for various snowfall amounts over a 72-hour period.  

 

 

 

Figure 6.1  Graph of the number of automobile accidents on Missouri interstates from 1 October 

2000-31 May 2010 for various snowfall amounts over a 72-hour period.  
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Table 6.5 and Figure 6.1 show the number of automobile accidents for 72-hour 

snowfall amounts.  In the 0-2.9 inch category there were 2,263 accidents.  In the 3-5.9 

inch category there were 1,297 accidents.  In the 6-8.9 inch category there were 536 

accidents.  In the 9-11.9 inch category there were 116 accidents.  In the 12-14.9 inch 

category there were 17 accidents.  In the 15-17.9 inch category there were 2 accidents.  

Finally in the 18-20.9 inch category there were 4 accidents.  With just the raw numbers 

there is a negative linear association (𝑅2 = 0.77) that as snowfall increases, the number of 

automobile accidents decreases. 

It is more important to look at how automobile accidents correlate with snowfall 

amounts when the numbers are averaged over a 72-hour period.  Doing so will deal with 

the problem of inherently having a larger number of lower snowfall events each year. 

Table 6.6 and Figure 6.2 show the average number of automobile accidents associated 

with various snowfall amounts over a 72-hour period.  In the 0-2.9 inch category there 

was an average of 21.6 accidents.  In the 3-5.9 inch category there was an average of 15.4 

accidents.  In the 6-8.9 inch category there was an average of 12.5 accidents.  In the 9-

11.9 inch category there was an average of 8.3 accidents.  In the 12-14.9 inch category 

there was an average of 2.1 accidents.  In the 15-17.9 inch category there was an average 

of one accident.  Finally in the 18-20.9 inch category there was an average of two 

accidents.  With the numbers averaged there is a large negative linear association with 

(𝑅2 = 0.92). 
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Table 6.6  Average number of automobile accidents on Missouri interstates for 72-hour snowfall 

amounts.  A 72-hour period was counted if an accident occurred in a specific snowfall range. 

Accidents occurred between 1 October 2000 and 31 May 2010.  

 

 

 

Figure 6.2  Graph of the average number of automobile accidents on Missouri interstates per 

snowfall day for 72-hour snowfall amounts.  A snowfall day is a 72-hour period with snowfall being 

accounted for from one day before the accident, the day of the accident, and one day after the 

accident.  Accidents occurred between 1 October 2000 and 31 May 2010.  
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6.4  AUTOMOBILE ACCIDENTS BY DAY OF THE WEEK        

From 1 October 2000-31 May 2010 there were 4,235 automobile accidents on 

Missouri interstates that met the criteria of 10 or more automobile accidents that occurred 

during snowfall and with snowfall accumulation on the interstate. These accidents 

occurred on 109 separate days (events).  These accidents were analyzed to investigate 

how these accidents varied by the day of the week.  Table 6.7 shows how automobile 

accidents with snowfall and with snowfall on the interstates vary by day of the week.  

Saturday had the most number of events with 20 and Monday had the least number of 

events with 11.  Table 6.8 shows how the overall number of automobile accidents that 

occurred during snowfall and with snowfall accumulation on the interstate vary with the 

day of the week from 1 October 2000-31 May 2010.  The day of the week with the least 

number of automobile accidents was Monday with 240.  The day of the week with the 

greatest number of automobile accidents was Saturday with 906.  

Table 6.9 is the average number of automobile accidents per day of the week, 

which is a more useful analysis.  When the numbers are averaged, Wednesday has the 

highest number of automobile accidents (50.6) that occurred with snowfall and with 

snowfall accumulation on the interstate.  Monday has the lowest number of automobile 

accidents (21.8).  There are various explanations for this.  Monday may have the lowest 

average number of accidents because motorists are more likely to take a Monday off if 

the weather is bad compared to Wednesday.  Motorists may have also looked at the 

forecast ahead of time and planed their week out by teleworking or taking the day off in 

advanced.  
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Table 6.7  Number of snowfall events with automobile accidents on Missouri interstates with snowfall 

by specific day of the week.  Accidents occurred between 1 October 2000 and 31 May 2010. 

 

 

 

Table 6.8  Number of automobile accidents on Missouri interstates with snowfall by specific day of 

the week.  Accidents occurred between 1 October 2000 and 31 May 2010. 
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Table 6.9  Average number of automobile accidents on Missouri interstates with snowfall per day of 

the week.  Accidents occurred between 1 October 2000 and 31 May 2010. 

 

 

6.5  AUTOMOBILE ACCIDENT INJURIES BY SNOWFALL 

AMOUNT 

Injuries and deaths that resulted during the 4,235 automobile accidents were 

analyzed for correlations with snowfall amount. Table 6.10 and Figure 6.13 shows the 

number of automobile accident minor injuries associated with various snowfall amounts. 

In the 0-2.9 inch category there were 396 accidents with minor injuries.  In the 3-5.9 inch 

category there were 203 accidents with minor injuries.  In the 6-8.9 inch category there 

were 84 accidents with minor injuries.  In the 9-11.9 inch category there were 19 

accidents with minor injuries.  In the 12-14.9 inch category there were one accident with 

minor injuries.  In the 15-17.9 inch category there were zero accidents with minor 

injuries. Finally in the 18-20.9 inch category there were two accidents with minor 

injuries.  With just the raw numbers there is a negative linear association (𝑅2 = 0.74) that 

as snowfall increases, minor injuries with automobile accidents decreases.  
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Table 6.10  Number of minor injuries associated with automobile accidents on Missouri interstates 

for 72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 2010.  

 

 

 

Figure 6.3  Graph of the number of minor injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 and 31 May 

2010.   
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It is important to look at how automobile accident minor injuries correlate with 

snowfall amounts when the numbers are average over a 72-hour period.  Doing so will 

deal with the problem of inherently having more 0-2.9 inch snowfall events each year. 

Table 6.11 and Figure 6.4 show the average number of automobile accident minor 

injuries associates with various snowfall amounts over a 72-hour period.  In the 0-2.9 

inch category there was an average of 4.6 accidents with minor injuries per 72-hour 

period.  In the 3-5.9 inch category there was an average of 3.6 accidents with minor 

injuries per 72-hour period.  In the 6-8.9 inch category there was an average of 3.8 

accidents with minor injuries per 72-hour period.  In the 9-11.9 inch category there was 

an average of 2.4 accidents with minor injuries per 72-hour period.  In the 12-14.9 inch 

category there was an average of one accident with minor injuries per 72-hour period.  In 

the 15-17.9 inch category there was an average of zero accidents with minor injuries per 

72-hour period.  Finally in the 18-20.9 inch category there was an average of one 

accident with minor injuries per 72-hour period.  With the numbers averaged there is a 

large negative linear association  (𝑅2 = 0.86) that as snowfall increases, minor injuries 

with automobile accidents decreases.  
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Table 6.11  Average number of minor injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 

2010. 

 

 

 

Figure 6.4  Graph of the average number of minor injuries associated with automobile accidents on 

Missouri interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 and 

31 May 2010.  
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Table 6.12 and Figure 6.5 shows the number of automobile accident disabling 

injuries associates with various snowfall amounts. In the 0-2.9 inch category there were 

86 accidents with disabling injuries.  In the 3-5.9 inch category there were 38 accidents 

with disabling injuries.  In the 6-8.9 inch category there were nine accidents with 

disabling injuries.  In the 9-11.9 inch category there were three accidents with disabling 

injuries.  In the 12-14.9 inch category there were one accident with disabling injuries.  

The 15-17.9 inch and 18-20.9 inch categories had zero accidents with disabling injuries.  

With just the raw numbers there is a negative linear correlation (𝑅2 = 0.67) that as 

snowfall increases, disabling injuries with automobile accidents decreases. 
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Table 6.12  Number of disabling injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 

2010. 

 

 

 

Figure 6.5  Graph of the number of disabling injuries associated with automobile accidents on 

Missouri interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 and 

31 May 2010.   
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As with the minor injuries it is important to look at how automobile accident 

disabling injuries correlate with snowfall amounts when the numbers are average over a 

72-hour period.  Table 6.13 and Figure 6.6 show the average number of automobile 

accident disabling injuries associates with various snowfall amounts over a 72-hour 

period.  In the 0-2.9 inch category there was also an average of two accidents with 

disabling injuries per 72-hour period.  In the 3-5.9 inch category there was an average of 

two accidents with disabling injuries per 72-hour period.  In the 6-8.9 inch category there 

was an average of 1.1 accidents with disabling injuries per 72-hour period.  In the 9-11.9 

inch category there was an average of one accident with disabling injuries per 72-hour 

period.  In the 12-14.9 inch category there was an average of one accident with disabling 

injuries per 72-hour period.  In the 15-17.9 inch and 18-20.9 inch category there was an 

average of zero accidents with disabling injuries per 72-hour period.  With the numbers 

averaged there is a strong negative linear association (𝑅2 = 0.92) that as snowfall 

increases, disabling injuries with automobile accidents decreases. 
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Table 6.13  Average number of disabling injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 

2010. 

 

 

 

Figure 6.6  Graph of the average number of disabling injuries associated with automobile accidents 

on Missouri interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 

and 31 May 2010.  
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Table 6.14 and Figure 6.7 show the number of automobile accident fatal injuries 

associated with various snowfall amounts. In the 0-2.9 inch category there were 12 

accidents with fatal injuries.  In the 3-5.9 inch category there were four accidents with 

fatal injuries.  In the 6-8.9 inch category there were two accidents with fatal injuries.  In 

the 9-11.9 inch category there were two accidents with fatal injuries.  The 12-14.9 inch, 

15-17.9 inch, and 18-20.9 inch categories had zero accidents with fatal injuries.  With just 

the raw numbers there is a negative logarithmic correlation (𝑅2 = 0.69) that as snowfall 

increases, fatal injuries with automobile accidents decreases.  
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Table 6.14  Number of fatal injuries associated with automobile accidents on Missouri interstates for 

72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 2010. 

 

 

 

Figure 6.7  Graph of the number of fatal injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 and 31 May 

2010.   
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As with the minor and disabling injuries it is important to look at how automobile 

accident fatal injuries correlate with snowfall amounts when the numbers are average 

over a 72-hour period.  Table 6.15 and Figure 6.8 show the average number of 

automobile accident fatal injuries associates with various snowfall amounts over a 72-

hour period.  In the 0-2.9 inch category there was also an average of 1.7 accidents with 

fatal injuries per 72-hour period.  In the 3-5.9 inch category there was an average of 1.3 

accidents with fatal injuries per 72-hour period.  In the 6-8.9 inch category there was an 

average of two accidents with fatal injuries per 72-hour period.  In the 9-11.9 inch 

category there was an average of one accident with fatal injuries per 72-hour period.  In 

the 12-14.9 inch, 15-17.9 inch, and 18-20.9 inch category there was an average of zero 

accidents with fatal injuries per 72-hour period.  With the numbers averaged there is a 

negative linear association (𝑅2 = 0.77) that as snowfall increases, fatal injuries with 

automobile accidents decreases.  
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Table 6.15  Average number of fatal injuries associated with automobile accidents on Missouri 

interstates for 72-hour snowfall amounts.  Accidents occurred between 1 October 2000 and 31 May 

2010. 

 

 

 

Figure 6.8  Graph of the average number of fatal injuries associated with automobile accidents on 

Missouri interstates for 72-hour snowfall amounts. Accidents occurred between 1 October 2000 and 

31 May 2010.  

 

 

 

 



 

 

182 

6.6  SUMMARY     

Some key points to take from this analysis are: 

All winter seasons except the 2002-2003 winter season had the first accidents 

occur in the month of November.  The first accidents to occur in the 2002-2003 winter 

season were in the month of October.  Although, these were the first accidents of the 

season from snowfall with snow on the interstates, none of them were days with the most 

automobile accidents.  The top three dates with the most automobile accidents from 

snowfall with snow on the interstates were 2 March 2002 (136 accidents), 28 February 

2009 (131 accidents), and 13 February 2007 (125 accidents). 

There were 4,904 automobile accidents on Missouri interstates that occurred 

during snowfall events with snowfall on the interstates from October 2000-May 2010. 

Only days with 10 or more automobile accidents occurring with snowfall and snow on 

the interstate were analyzed.  After this criteria was applied there were 4,235 automobile 

accidents occurring over 109 days.  Over a 72-hour period there is a large negative linear 

association (𝑅2 = 0.92) between the average number of automobile accidents and 

increasing snowfall accumulation.   

These results go against the notion that with more snowfall accumulation there 

will be more automobile accidents.  A likely reason for these results could be that once 

snowfall accumulation increases, motorists are more likely to stay off the roads.  They 

may stay off the roads for a variety of reasons.  It could be because of the inherent danger 

of driving in heavy snowfall, media coverage and warnings about the danger of driving in 

heavy snowfall, the fact that their automobile is not equipped to deal with large amounts 

of snow, their office may have closed for the day, or children may have a snow day at 
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school which keeps parents at home.  If motorists do go out and drive in larger snowfall 

events they may drive slower and more cautiously.  When snowfall accumulation is three 

inches or less, motorists may feel that they have to go to work or that they are a good 

enough driver to deal with a little snowfall.  It was found that Wednesday has the highest 

average number of automobile accidents (50.6) associated with snowfall and snowfall on 

the interstate.  Monday has the lowest average number of automobile accidents (21.8) 

associated with snowfall and snowfall on the interstate.  An explanation for this could be 

that motorists are more likely to take a Monday off if the weather is bad compared to 

Wednesday.  Motorists may look at the forecast ahead of time and plan their week out by 

teleworking or taking the day off.   

Over a 72-hour period, there is a strong negative linear association (𝑅2 = 0.86) 

between the average number of minor injuries associated with automobile accidents and 

increasing snowfall accumulation.  Over a 72-hour period, there is a strong negative 

linear association (𝑅2 = 0.92) between the average number of disabling injuries 

associated with automobile accidents and increasing snowfall accumulation.  Over a 72-

hour period, there is a negative linear association (𝑅2 = 0.77) between the average 

number of fatal injuries associated with automobile accidents and increasing snowfall 

accumulation. 

Minor, disabling, and fatal injuries all decrease with increasing snowfall. This is 

most likely due to the fact that there are more accidents with lower snowfall amounts.  

Motorists may also drive slower and more cautiously during heavier snowfalls events. 
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CHAPTER 7:  ECONOMIC IMPACTS FROM SEVERE 

WINTER STORMS IN MISSOURI 

Severe winter storms in Missouri cause significant economic loss every year for 

the state of Missouri.  Insurance data provided by Shelter Mutual Insurance Company 

from 1 October 2010-31 May 2010 has been analyzed in order to have an estimation of 

the property damage cost of severe winter storms in Missouri.  Shelter Mutual Insurance 

Company provides a range of insurance products including automobile, home, rental, and 

farm insurance.  All monetary losses have been adjusted for inflation and scaled to the 

2010-dollar using the Consumer Price Index.   

Shelter Mutual Insurance Company provided data for 56 severe winter storm 

events occurring from 1 October 2010-31 May 2010.  These events match dates in the 

heavy snow, ice, and mixed precipitation climatologies discussed in Chapter 4.  All of the 

ice and mixed precipitation events in the climatologies from Chapter 4 have insurance 

data for them.  All of the heavy snowfall events in climatology from Chapter 4 except for 

seven (48-hour) events have insurance data for them.  During the time period from 

October 2000-May 2010 and for the 56 severe winter storm events, Shelter Mutual 

Insurance Company had 11,544 claims and paid out $28,543,020.65.   
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7.1  ECONOMICALLY SIGNIFICANT SEVERE WINTER STORM 

EVENTS 

The three most costly severe winter storm events out of the 56 analyzed resulted 

in 8,545 claims and an $18,798,030.18 total payout by Shelter Mutual Insurance 

Company.  These severe winter storm events occurred on 12-15 January 2007, 29-31 

January 2002, and 26-28 January 2009. 

The severe winter storm event that occurred on 12-15 January 2007 resulted in 

3,879 claims and a Shelter Mutual Insurance Company payout of $9,790,373.37.  This 

event was primarily a heavy ice event as the snowfall amounts were not greater or equal 

to 6 inches.  Figure 4.14 (refer back to Chapter 4) is a graphic from the NWS Springfield, 

MO Weather Forecast Office (NWS SGF 2015) that shows the extent of ice accumulation 

from the storm across southern Missouri for the 12-15 January 2007 event.  The graphic 

shows the highest ice accumulation of 1-2 inches in Cedar, Dade, Polk, Dallas, Laclede, 

Lawrence, Webster, and Greene counties.  According to the Missouri Department of 

Public Safety SEMA website (2015) on 15 January 2007 President George Bush granted 

a disaster declaration for the counties impacted by the storm in Missouri (SEMA 2015) 

The severe winter storm event that occurred on 29-31 January 2002 resulted in 

2,988 claims and Shelter Insurance paid out $5,076,516.21.  This event was primarily a 

mixed precipitation event with heavy snowfall and heavy ice accumulation.  Figure 7.1 is 

a graphic from The United States Department of Agriculture Forest Service, Forest 

Health Monitoring Program showing were heaviest damage from ice accumulation 

occurred (Moser et al. 2004).  
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Figure 7.1  United States Department of Agriculture, Forest Service, Forest Health Monitoring 

Program graphic from (Moser et al. 2004) showing were heaviest damage from ice accumulation 

occurred during the 29-31 January 2002 ice and heavy snow event. 

 

 

The severe winter storm event that occurred on 26-28 January 2009 resulted in 

1,678 claims and Shelter Mutual Insurance Company paid out $3,931,140.60.  This event 

was primarily a mixed precipitation heavy snowfall and ice accumulation event.  Figure 

4.18 (refer back to Chapter 4) is from graphic created by the Weather Forecast Office in 

Paducah, KY (NWS PAH 2015) showing locations in far southeast Missouri with ice 

accumulations up to two inches on 26-28 January 2009.  According to the Missouri 

Department of Public Safety SEMA website (SEMA 2015), President Barack Obama 
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granted a disaster declaration for counties impacted in the state of Missouri by the 26-28 

January 2009 event on 17 February 2009. 

 

7.2  ECONOMIC IMPACTS FROM SEVERE WINTER STORMS BY 

WINTER SEASON 

From 2000-2010 Shelter Mutual Insurance Company had 11,544 claims on 56 

events with a total of $28,543,020.65.  All monetary payouts have been adjusted for 

inflation to the 2010-dollar.  Table 7.1 shows how the number of severe winter storm 

events, claim counts, and payment amounts has varied over each winter season from 

2000-2010.  A winter season is October through May.  The 2006-2007 winter season had 

the highest payout from Shelter Mutual Insurance Company with $13,008,843.59.  This 

winter season also had the most number of claims with 4,455.  However, it did not have 

the highest number of events.  There were only four events this winter season.  The 2005-

2006 winter season had the lowest payout from Shelter Mutual Insurance Company with 

$52,381.91.  This winter season also had the least number of claims with four and the 

lowest number of events with one.  The winter seasons with the highest number of events 

were 2000-2001 and 2007-2008 with 10 events each.  Figure 7.2 is a graph of the payouts 

by Shelter Mutual Insurance Company per winter season for all severe winter storms.  

Linear regression analysis was performed on the data.  There is no significant trend 

identified (𝑅2 = 0.06). 
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Table 7.1  Number of severe winter storm events, number of claims, and insurance payout amounts 

by Shelter Mutual Insurance Company varied over each winter season from 2000-2010.  A winter 

season is from 1 October through 31 May. 

 

 

 

Figure 7.2  Shelter Mutual Insurance Company Payouts for severe winter storms by winter season 

from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.2 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of events per winter season.  Figure 7.3 is the graph of the same 

data.  When the insurance payout is averaged over the number of events, the 2006-2007 

winter season has the highest average payout per event with $3,252,210.90.  The 2003-

2004 winter season had the lowest average payout per event with $25,030.59.  Linear 

regression analysis was performed on the data.  There is no significant trend identified 

(𝑅2 = 0.02). 

Table 7.3 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of claims per winter season.  Figure 7.4 is the graph of the same 

data.  When the insurance payout is averaged over the number of claims, the 2005-2006 

winter season has the highest average payout per claim with $13,095.48.  The 2001-2002 

winter season had the lowest average payout per event with $1,702.79.  Linear regression 

analysis was performed on the data.  There is no significant trend identified (𝑅2 = 0.01). 
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Table 7.2  Shelter Mutual Insurance Company average payouts per winter season per individual 

severe winter storm from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.3  Shelter Mutual Insurance Company average payouts per winter season per individual 

severe winter storm from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.3  Shelter Mutual Insurance Company average payouts per winter season per severe winter 

storm claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.4  Shelter Mutual Insurance Company average payouts per winter season per severe winter 

storm claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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7.3  ECONOMIC IMPACTS FROM SEVERE WINTER STORMS BY 

HEAVY SNOWFALL EVENTS 

Table 7.4 shows how the number of heavy snowfall events, claim counts, and 

payment amounts has varied over each winter season from 2000-2010.  A winter season 

is October through May.  There were 23 heavy snowfall events and 413 claims from 

2000-2010.  The 2007-2008 winter season had the highest payout from Shelter Mutual 

Insurance Company with $1,020,971.85.  This winter season also had the most number of 

claims with 240.  However, it did not have the highest number of events.  There were 

only four events this winter season.  The 2001-2002 winter season had the lowest payout 

from Shelter Mutual Insurance Company with $2,917.49.  This winter season also had the 

least number of claims with three.  The winter season with the highest number of events 

was 2002-2003 with five events.  The winter seasons with the least number of events was 

2001-2002, 2004-2005, 2005-2006, and 2008-2009 with one event each.  Figure 7.5 is a 

graph of the payouts by Shelter Mutual Insurance Company per winter season for all 

heavy snowfall events.  Linear regression analysis was performed on the data and there is 

only a small positive linear association (𝑅2 = 0.16) identified over time. 

Table 7.5 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of heavy snowfall events per winter season.  Figure 7.6 is the 

graph of the same data.  When the insurance payout is averaged over the number of 

heavy snowfall events, the 2007-2008 winter season has the highest average payout per 

heavy snowfall event with $255,242.96.  The 2001-2002 winter season had the lowest 

average payout per heavy snowfall event with $2,917.49.  Linear regression analysis was 
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performed on the data and there is only a small positive linear association (𝑅2 = 0.27) 

identified over time.  

Table 7.6 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of heavy snowfall claims per winter season.  Figure 7.7 is the 

graph of the same data.  When the insurance payout is averaged over the number of 

heavy snowfall claims, the 2005-2006 winter season has the highest average payout per 

claim with $13,095.48.  The 2001-2002 winter season had the lowest average payout per 

heavy snowfall claim with $972.50.  Linear regression analysis was performed on the 

data.  There is no significant trend identified (𝑅2 = 0.07). 
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Table 7.4  Number of heavy snowfall events, number of claims, and insurance payout amounts by 

Shelter Mutual Insurance Company varied over each winter season from 2000-2010.  A winter 

season is from 1 October through 31 May. 

 

 

 

Figure 7.5  Shelter Mutual Insurance Company payouts for heavy snowfall events by winter season 

from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.5  Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy snowfall event from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.6  Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy snowfall event from 2000-2010.  A winter season is from 1 October through 31 May. 

 



 

 

196 

 

Table 7.6  Shelter Mutual Insurance Company average payouts per winter season per heavy snowfall 

claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.7  Shelter Mutual Insurance Company average payouts per winter season per heavy 

snowfall claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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7.4  ECONOMIC IMPACTS FROM SEVERE WINTER STORMS BY 

SNOWFALL ACCUMULATION  

Snowfall accumulation for the heavy snowfall events from 2000-2010 fell into 

either the 6-11.9 inch category (19 events with 151 claims) or the 12-17.9 inch category 

(4 events with 262).  Table 7.7 shows how the number of heavy snowfall events with 

snowfall accumulation of 6-11.9 inches, claim counts, and payment amounts has varied 

over each winter season from 2000-2010.  A winter season is October through May.  The 

2006-2007 winter season had the highest payout from Shelter Mutual Insurance 

Company with $233,804.81.  This winter season also had the most number of claims with 

40.  However, it did not have the highest number of events.  There were only two events 

this winter season.  The 2001-2002 winter season had the lowest payout from Shelter 

Mutual Insurance Company with $2,917.49.  The winter season with the highest number 

of events was 2002-2003 with five events.  The winter seasons with the least number of 

events were 2000-2001, 2001-2002, 2004-2005, 2005-2006, and 2008-2009 with one 

event each.  Figure 7.8 is a graph of the payouts by Shelter Mutual Insurance Company 

per winter season for all heavy snowfall events with snowfall of 6-11.9 inches.  Linear 

regression analysis was performed on the data.  There is no significant trend identified 

(𝑅2 = 0.03). 
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Table 7.7  Number of 6-11.9 inch heavy snowfall events, number of claims, and insurance payout 

amounts by Shelter Mutual Insurance Company varied over each winter season from 2000-2010.  A 

winter season is from 1 October through 31 May. 

 

 

 

Figure 7.8  Shelter Mutual Insurance Company payouts for 6-11.9 inch heavy snowfall events by 

winter season from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.8 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of 6-11.9 inch snowfall events per winter season.  Figure 7.9 is 

the graph of the same data.  When the insurance payout is averaged over the number of 6-

11.9 inch snowfall events, the 2006-2007 winter season has the highest average payout 

per 6-11.9 inch snowfall event with $116,902.41.  The 2001-2002 winter season had the 

lowest average payout per 6-11.9 inch snowfall event with $2,917.49.  Linear regression 

analysis was performed on the data and there is only a small positive linear association 

(𝑅2 = 0.14) identified over time.  

Table 7.9 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of 6-11.9 inch snowfall claims per winter season.  Figure 7.10 is 

the graph of the same data.  When the insurance payout is averaged over the number of 6-

11.9 inch snowfall claims, the 2005-2006 winter season has the highest average payout 

per claim with $13,095.48.  The 2001-2002 winter season had the lowest average payout 

per 6-11.9 inch snowfall claim with $972.50.  Linear regression analysis was performed 

on the data.  There is no significant trend identified (𝑅2 = 0.01). 
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Table 7.8  Shelter Mutual Insurance Company average payouts per winter season per individual 6-

11.9 inch snowfall event from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.9  Shelter Mutual Insurance Company average payouts per winter season per individual 6-

11.9 inch snowfall event from 2000-2010.  A winter season is from 1 October through 31 May.  
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Table 7.9  Shelter Mutual Insurance Company average payouts per winter season per 6-11.9 inch 

snowfall claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.10  Shelter Mutual Insurance Company average payouts per winter season per 6-11.9 inch 

snowfall claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.10 shows how the number of heavy snowfall events with snowfall 

accumulation of 12-17.9 inches, claim counts, and payment amounts has varied over each 

winter season from 2000-2010.  A winter season is October through May.  The 2007-

2008 winter season had the highest payout from Shelter Mutual Insurance Company with 

$954,535.27.  This winter season also had the most number of claims with 211.  

However, it did not have the highest number of events.  There was only one event this 

winter season.  The 2000-2001 winter season had the lowest payout from Shelter Mutual 

Insurance Company with $1,286.17.  The winter season with the highest number of 

events was 2009-2010 with two events.  The winter seasons with the least number of 

events were 2001-2002, 2002-2003, 2003-2004, 2004-2005, 2005-2006, 2006-2007, and 

2008-2009 with zero events each.  Figure 7.11 is a graph of the payouts by Shelter 

Mutual Insurance Company per winter season for all heavy snowfall events with snowfall 

of 12-17.9 inches.  Linear regression analysis was performed on the data and there is only 

a small positive linear association (𝑅2 = 0.14) identified over time. 
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Table 7.10  Number of 12-17.9 inch snowfall events, number of claims, and insurance payout 

amounts by Shelter Mutual Insurance Company varied over each winter season from 2000-2010.  A 

winter season is from 1 October through 31 May. 

 

 

 

Figure 7.11  Shelter Mutual Insurance Company Payouts for 12-17.9 inch snowfall events by winter 

season from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.11 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of 12-17.9 inch snowfall events per winter season.  Figure 7.12 

is the graph of the same data.  When the insurance payout is averaged over the number of 

12-17.9 inch heavy snowfall events, the 2007-2008 winter season has the highest average 

payout per heavy snowfall event with $954,535.27.  The 2001-2002, 2002-2003, 2003-

2004, 2004-2005, 2005-2006, 2006-2007, and 2008-2009 winter seasons had the lowest 

average payout per 12-17.9 inch heavy snowfall event with $0.00.  Linear regression 

analysis was performed on the data and there is only a small positive linear association 

(𝑅2 = 0.11) identified over time.   

Table 7.12 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of 12-17.9 inch snowfall claims per winter season.  Figure 7.13 

is the graph of the same data.  When the insurance payout is averaged over the number of 

12-17.9 inch snowfall claims, the 2007-2008 winter season has the highest average 

payout per claim with $ $4,523.86.  The 2001-2002, 2002-2003, 2003-2004, 2004-2005, 

2005-2006, 2006-2007, and 2008-2009 winter seasons had the lowest average payout per 

heavy snowfall claim with $0.00.  Linear regression analysis was performed on the data 

and there is only a small negative linear association (𝑅2 = 0.25) identified over time. 
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Table 7.11  Shelter Mutual Insurance Company average payouts per winter season per individual 12-

17.9 inch snowfall event from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.12  Shelter Mutual Insurance Company average payouts per winter season per individual 

12-17.9 inch snowfall event from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.12  Shelter Mutual Insurance Company average payouts per winter season per 12-17.9 inch 

snowfall claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.13  Shelter Mutual Insurance Company average payouts per winter season per 12-17.9 inch 

snowfall claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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7.5  ECONOMIC IMPACTS FROM SEVERE WINTER STORMS BY 

HEAVY ICE EVENTS 

Table 7.13 shows how the number of heavy ice events, claim counts, and payment 

amounts has varied over each winter season from 2000-2010.  A winter season is October 

through May.  From 2000-2010 there were 20 events and 5,732 claims.  The 2006-2007 

winter season had the highest payout from Shelter Mutual Insurance Company with 

$9,790,373.37.  This winter season also had the most number of claims with 3,879.  

However, it did not have the highest number of events.  There was only one event this 

winter season.  The 2005-2006 winter season had the lowest payout from Shelter Mutual 

Insurance Company with $0.00.  The winter season with the highest number of events 

was 2000-2001 with six events.  The winter season with the least number of events was 

2005-2006 with zero events.  Figure 7.14 is a graph of the payouts by Shelter Mutual 

Insurance Company per winter season for all heavy ice events.  Linear regression analysis 

was performed on the data.  There is no significant trend identified (𝑅2 = 0.08). 
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Table 7.13  Number of heavy ice events, number of claims, and insurance payout amounts by Shelter 

Mutual Insurance Company varied over each winter season from 2000-2010.  A winter season is 

from 1 October through 31 May. 

 

 

 

Figure 7.14  Shelter Mutual Insurance Company payouts for heavy ice events by winter season from 

2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.14 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of heavy ice events per winter season.  Figure 7.15 is the graph 

of the same data.  When the insurance payout is averaged over the number of heavy ice 

events, the 2006-2007 winter season has the highest average payout per heavy snowfall 

event with $9,790,373.37.  The 2005-2006 winter season had the lowest average payout 

per heavy ice event with $0.00.  Linear regression analysis was performed on the data.  

There is no significant trend identified (𝑅2 = 0.04). 

Table 7.15 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number heavy ice claims per winter season.  Figure 7.16 is the graph of 

the same data.  When the insurance payout is averaged over the number of heavy ice 

claims, the 2000-2001 winter season has the highest average payout per heavy ice claim 

with $8,350.05.  The 2005-2006 winter season had the lowest average payout per heavy 

ice claim with $0.00.  Linear regression analysis was performed on the data.  There is no 

significant trend identified  (𝑅2 = 0.06) 
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Table 7.14  Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy ice event from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.15 Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy ice event from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.15  Shelter Mutual Insurance Company average payouts per winter season per heavy ice 

claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.16  Shelter Mutual Insurance Company average payouts per winter season per heavy ice 

claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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7.6  ECONOMIC IMPACTS FROM SEVERE WINTER STORMS BY 

HEAVY MIXED PRECIPITATION EVENTS 

Table 7.16 shows how the number of heavy mixed precipitation events, claim 

counts, and payment amounts has varied over each winter season from 2000-2010.  A 

winter season is October through May.  From 2000-2010 there were 13 events and 5,399 

claims.  The 2001-2002 winter season had the highest payout from Shelter Mutual 

Insurance Company with $5,156,471.01.  This winter season also had the most number of 

claims with 3,027.  This winter season along with 2000-2001, 2002-2003, 2007-2008, 

2009-2010 had the highest number of events with two each winter season.  The 2004-

2005 and 2005-2006 winter seasons had the lowest payout from Shelter Mutual Insurance 

Company with $0.00 and the least number of events with zero.  Figure 7.17 is a graph of 

the payouts by Shelter Mutual Insurance Company per winter season for all heavy mixed 

precipitation events.  Linear regression analysis was performed on the data.  There is no 

trend identified.  (𝑅2 = 0) 
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Table 7.16  Number of heavy mixed precipitation events, number of claims, and insurance payout 

amounts by Shelter Mutual Insurance Company varied over each winter season from 2000-2010.  A 

winter season is from 1 October through 31 May. 

 

 

 

Figure 7.17  Shelter Mutual Insurance Company payouts for heavy mixed precipitation events by 

winter season from 2000-2010.  A winter season is from 1 October through 31 May. 
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Table 7.17 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of heavy mixed precipitation events per winter season.  Figure 

7.18 is the graph of the same data.  When the insurance payout is averaged over the 

number of heavy mixed precipitation events, the 2008-2009 winter season has the highest 

average payout per heavy mixed precipitation event with $3,931,140.60.  The 2004-2005 

and 2005-2006 winter season had the lowest average payout per heavy mixed 

precipitation event with $0.00.  Linear regression analysis was performed on the data.  

There is no significant trend identified (𝑅2 = 0.05). 

Table 7.18 shows insurance payout by Shelter Mutual Insurance Company 

averaged by the number of heavy mixed precipitation claims per winter season.  Figure 

7.19 is the graph of the same data.  When the insurance payout is averaged over the 

number of heavy mixed precipitation claims, the 2006-2007 winter season has the highest 

average payout per heavy mixed precipitation claim with $5,568.41.  The 2004-2005 and 

2005-2006 winter seasons had the lowest average payout per heavy mixed precipitation 

claim with $0.00.  Linear regression analysis was performed on the data.  There is no 

significant trend identified (𝑅2 = 0.05). 
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Table 7.17  Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy mixed precipitation event from 2000-2010.  A winter season is from 1 October through 31 

May. 

 

 

 

Figure 7.18  Shelter Mutual Insurance Company average payouts per winter season per individual 

heavy mixed precipitation event from 2000-2010.  A winter season is from 1 October through 31 

May. 
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Table 7.18  Shelter Mutual Insurance Company average payouts per winter season per heavy mixed 

precipitation claim from 2000-2010.  A winter season is from 1 October through 31 May. 

 

 

 

Figure 7.19  Shelter Mutual Insurance Company average payouts per winter season per heavy mixed 

precipitation claim from 2000-2010.  A winter season is from 1 October through 31 May. 
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7.7  SUMMARY 

Some key points to take from this analysis are: 

During the time period from October 2000-May 2010 and for the 56 severe winter 

storm events, Shelter Mutual Insurance Company had 11,544 claims and paid out 

$28,543,020.65.  Heavy ice events accounted for the greatest monetary losses with 

Shelter Mutual Insurance Company paying out $14,270,245.76 for 20 events with 5,732 

claims from 2000-2010.  Heavy mixed precipitation events were next with Shelter 

Mutual Insurance Company paying out $12,526,595.09 for 13 events with 5,399 claims.  

Heavy snowfall events were the least costly of the three precipitation types, but still 

generated significant monetary losses with Shelter Mutual Insurance Company paying 

out $1,746,179.80 for 23 events and 413 claims.  Severe winter storms with a heavy ice 

component cause the greatest monetary losses for Missouri.    

The three most costly severe winter storm events out of the 56 analyzed resulted 

in 8,545 claims and an $18,798,030.18 total payout by Shelter Mutual Insurance 

Company.  These severe winter storm events occurred on 12-15 January 2007 (heavy ice 

event with $9,790,373.37 payout and 3,879 claims), 29-31 January 2002 (heavy mixed 

precipitation event with $5,076,516.21 payout and 2,988 claims), and 26-28 January 2009 

(heavy mixed precipitation event with $3,931,140.60 payout and 1,678 claims).   

For all severe winter storms from 2000-2010 the 2006-2007 winter season had the 

highest payout from Shelter Mutual Insurance Company with $13,008,843.59.  This 

winter season also had the most number of severe winter storm claims with 4,455.  The 

2005-2006 winter season had the lowest payout from Shelter Mutual Insurance Company 
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with $52,381.91.  There is only a very small positive linear association (𝑅2 = 0.06) 

identified over time.  There is no significant trend identified.    

When the insurance payout is averaged over the number of severe winter storm 

events, the 2006-2007 winter season has the highest average payout per event with 

$3,252,210.90.  The 2003-2004 winter season had the lowest average payout per event 

with $25,030.59.  There is only a very small positive linear association (𝑅2 = 0.02) 

identified over time.  There is no significant trend identified.  

When the insurance payout is averaged over the number of severe winter storm 

claims, the 2005-2006 winter season has the highest average payout per claim with 

$13,095.48.  The 2001-2002 winter season had the lowest average payout per event with 

$1,702.79.  There is only a very small negative linear association (𝑅2 = 0.01) identified 

over time.  There is no significant trend identified.     

The highest 𝑅2 value (0.27) from the linear analysis was for insurance payouts per 

individual heavy snowfall events over time.  It is difficult to say for sure if Shelter 

Mutual Insurance Company payouts are increasing, decreasing, or staying the same over 

time for severe winter storms because 10 years in not a very long dataset and the dataset 

is highly variable.  More data over a longer period of time is needed to determine how 

Shelter Mutual Insurance Company payouts for severe winter storms are or are not 

changing.  With just this dataset, payouts from severe winter storms did not significantly 

increase over time from 2000-2010.   
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CHAPTER 8:  FINAL SUMMARIES AND CONCLUSION 

Severe winter storms in Missouri can and have cause significant property damage, 

loss of productivity, and loss of life.  In this dissertation, severe winter storms in Missouri 

from 1 October 1960-31 May 2010 were analyzed meteorologically, climatologically, 

and economically.  This was done to better understand severe winter storms in Missouri 

and their impacts on the lives of the citizens of the state of Missouri.  The most important 

findings from this dissertation are summarized in the following sections:  

 

8.1  KEY FINDINGS AND RECOMMENDATIONS FROM THE 

SEVERE WINTER STORMS CLIMATOLOGY 

From 1 October 1960-31 May 2010 there were 318 heavy snowfall events.  These are 

events with snowfall greater or equal to six inches of snowfall over 48 hours.  On average 

the number of heavy snowfall events per winter season in Missouri is 6.4.  The lowest 

number of events per winter season is two and the highest number of events per winter 

seasons is 12.  The 1 October 1977-31 May 1978 and the 1 October 2009-31 May 2010 

winter seasons both had 12 events.  The 1 October 1970-31 May 1980 decade had the 

most heavy snowfall events with 79.  The 1 October 1990-31 May 2000 decade and the 1 

October 2000-31 May 2010 winter decade tied with the lowest number of heavy snowfall 

events at 55.  Using the mean from this data, the average number of heavy snowfall 

events per decade in Missouri is 63.6.  On a monthly scale, the most heavy snowfall 



 

 

220 

events occurred in the months of January with 87 events and February with 83 events.  

There was only one event that occurred in the state of Missouri during the month of 

October.   

Most (236) of the 318 heavy snowfall events produced between 6 and 11.9 inches of 

snowfall.  There were 60 events that had snowfall amounts between 12 and 17.9 inches 

and 19 events that had snowfall amounts between 18 and 23.9 inches.  Although rare, 

there were three events with snowfall amounts between 24 and 29.9 inches.   

From 1 October 1960-31 May 2010 there were 66 heavy ice events.  These are events 

with ice accumulation of ¼ inch or greater.  On average the number of heavy ice events 

per winter season in Missouri is 1.3.  The lowest number of events per winter season is 

zero and the highest number of events per winter seasons is seven.  The 1 October 2000-

31 May 2001 winter season had the most heavy ice events.  The 1 October 2000-31 May 

2010 decade had the most heavy ice events with 33.  Using the mean from this data, the 

average number of heavy ice events per decade in Missouri is 13.  The 1 October 1960-

31 May 1970 decade had the lowest number of heavy ice events at one.  A likely reason 

for the large disparity between the data is that in the early part of the heavy ice event 

climatology, observations of ice events were not as numerous (CRREL, 2015).  On a 

monthly scale, the months with the lowest number of heavy ice events were October, 

April, and May with zero events.  January had the highest number of events at 21 

followed by December with 20.  

From 1 October 1960-31 May 2010 there were 27 mixed precipitation events.  

These are events with snowfall greater or equal to six inches and ice accumulation of ¼ 

inch or greater.   On average the number of mixed precipitation events per winter season 
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in Missouri is .5.  The 1 October 2000-31 May 2001 winter season had the most heavy 

mixed precipitation events with three.  The 1 October 2000-31 May 2010 decade had the 

most heavy mixed precipitation events with 14.  The 1 October 1960-31 May 1970 

decade had the lowest number of mixed precipitation events at one.  Using the mean from 

this data, the average number of mixed precipitation events per decade in Missouri is 5.4.  

As with the heavy ice event climatology, a likely reason for the large disparity between 

the data is that in the early part of the heavy mixed precipitation event climatology, 

observations of ice events were not as numerous (CRREL, 2015).  On a monthly scale, 

the months with the lowest number of events were October, April, and May with zero 

events.  January had the highest number of events at 10 followed by December with 

seven.  February had five events followed by March with four.  November only had one 

event.   

There are 318 events in the heavy snowfall climatology, 314 of those events were 

analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, the 

most common mid-latitude cyclone regime associated with heavy snowfall was the 

Texas/West Gulf Low with 135 events.  The Colorado Low was the second most 

common mid-latitude cyclone regime with 103 events.  The least common mid-latitude 

cyclone regime was the Alberta Low with 14 events. 

There are 66 events in the heavy ice climatology.  All of those events were 

analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, the 

most common mid-latitude cyclone regime associated with heavy ice events was the 

Colorado Low with 22 events and the Texas/West Gulf Low with 22 events.  The least 

common mid-latitude cyclone regime was the Alberta Low with two events. 
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There are 27 events in the mixed precipitation climatology.  All of those events 

were analyzed by their dominant weather regime.  From 1 October 1960-31 May 2010, 

the most common mid-latitude cyclone regime associated with mixed precipitation events 

was the Texas/West Gulf Low with 14 events.  The Colorado Low was the second most 

common with nine events.  The least common mid-latitude cyclone regime was the 

Frontal Passage with zero events. 

From the information gathered from the severe storms climatology meteorologists 

can gleam a better understanding of severe winter storms that impact Missouri and take 

this information in account when making short- and long-range forecasts for severe 

winter weather.  Cyclone regime identification can be useful to identify mid-latitude 

cyclones that pose a risk of a severe winter storm before they even reach Missouri.   

 

8.2  KEY FINDINGS AND RECOMMENDATIONS FROM 

VARIABILITY ANALYSIS ON HEAVY SNOWFALL EVENTS       

Analysis of the heavy snowfall climatology revealed that heavy snowfall events in 

Missouri per winter season are not increasing or decreasing with time from 1960-2010 at 

a statistically significant level.  Power spectrum analysis also indicates that ENSO plays a 

part in the variation of heavy snowfall events in Missouri.  During El Niño years there are 

on average 6.5 heavy snowfall events.  During Neutral years there are on average six 

events.  Finally, during La Niña years there are on average 6.9 events.  There is less then 

one event difference between El Niño, Neutral, and La Niña years. 
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When all of the heavy snowfall events are averaged together there is only a slight 

difference in the average number of events per winter season during the negative phase of 

the PDO (6.2) and the number of events per winter season during the positive phase of 

the PDO (6.5).   For El Niño years that occurred during the negative PDO phase, there is 

an average of 7.6 heavy snowfall events per winter season.  During the positive PDO 

phase, there is an average of 4.8 heavy snowfall events per winter season.  This results in 

a difference of 2.8 heavy snowfall events per winter season between the negative and 

positive PDO phase.  For Neutral years that occurred during the negative PDO phase, 

there was an average of 4.6 heavy snowfall events per winter season.  During the positive 

PDO phase, there is an average of 7.1 heavy snowfall events per winter season.  This 

results in a difference of 2.5 events per winter season between the negative and positive 

PDO phase during Neutral years. For La Niña years that occurred during the negative 

PDO phase, there is an average of 6.9 heavy snowfall events per winter season.  During 

the positive PDO phase, there is an average of seven heavy snowfall events per winter 

season.  This results in an insignificant difference of 0.1 events per winter season 

between the negative and positive PDO phase during La Niña years.   

When all heavy snowfall events are averaged together there is a 1.4 difference in 

the average number of events per year during the negative phase of the NAO (4.6) and 

the positive phase of the NAO (6).   For El Niño years that occurred during the negative 

NAO phase, there is an average of 7.8 heavy snowfall events per winter season.  During 

the positive NAO phase, there is an average of 5.4 heavy snowfall events per winter 

season.  This results in a difference of 2.4 events per winter season between the negative 

and positive NAO phases during El Niño years.  For Neutral years that occurred during 
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the negative NAO phase, there were on average 6.3 heavy snowfall events per winter 

season.  During the positive NAO cycle, there is also an average of 5.9 heavy snowfall 

events per winter season.  There was a 0.4 difference in the average number of events per 

winter season between the negative and positive NAO phase during Neutral years.   For 

La Niña years that occurred during the negative NAO cycle, there is an average of 7.7 

heavy snowfall events per winter season.  During the positive NAO cycle, there is an 

average of 6.6 heavy snowfall events per winter season.  This results in a difference of 1 

event per winter season between the negative and positive NAO phase during La Niña 

years.   

During the El Niño phase of ENSO, when all heavy snowfall events are averaged 

together, the most events per winter season (8) occurred when the PDO was negative and 

the NAO was also negative.  During the Neutral phase of ENSO, when all heavy snowfall 

events are averaged together, the most events per winter season (8.8) occurred when the 

PDO was positive and the NAO was negative.  This combination also resulted in more 

events per winter season than of any ENSO, PDO, and NAO combination.  During the El 

Niño phase of ENSO, when all heavy snowfall events are averaged together, the most 

events per winter season (7.7) occurred when the PDO was negative and the NAO was 

also negative.   

Meteorologist can use the information from the analysis on variability and heavy 

snowfall events to create long-range forecasts for heavy snowfall events.  The flow charts 

in Chapter 5 can be used to determine the average amount of heavy snowfall events by 

accumulation for various phases of ENSO, PDO, and the NAO.  Using this information, 
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future long-range forecasts can be constructed to forecast if the number of heavy snowfall 

events should increase, decrease, or stay the same for Missouri for the next winter season.   

  

8.3  KEY FINDINGS AND RECOMMENDATIONS FROM 

ANALYSIS OF AUTOMOBILE ACCIDENTS ON MISSOURI 

INTERSTATES FROM SNOWFALL EVENTS 

From 2000-2010 in Missouri all winter seasons except the 2002-2003 winter 

season had the first automobile accidents during snowfall with snowfall on the interstate 

occur in the month of November.  The first accidents to occur in the 2002-2003 winter 

season were in the month of October.  Although, these were the first accidents of the 

season from snowfall with snow on the interstates, none of them were days with the most 

automobile accidents.  The top three dates with the most automobile accidents from 

snowfall with snow on the interstates were 2 March 2002 (136 accidents), 28 February 

2009 (131 accidents), and 13 February 2007 (125 accidents). 

There were 4,904 automobile accidents on Missouri interstates that occurred 

during snowfall events with snowfall on the interstates from October 2000-May 2010. 

Only days with 10 or more automobile accidents occurring with snowfall and snow on 

the interstate were analyzed.  After this criteria was applied there were 4,235 automobile 

accidents occurring over 109 days.  

Over a 72-hour period there is a large negative linear association (𝑅2 = 0.92) 

between the average number of automobile accidents and increasing snowfall 

accumulation.  Wednesday was the day of the week with the highest average number of 
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automobile accidents (50.6) associated with snowfall and snowfall on the interstate.  

Monday was the day if the week with the lowest average number of automobile accidents 

(21.8) associated with snowfall and snowfall on the interstate.   

Over a 72-hour period, there is a strong negative linear association (𝑅2 = 0.86) 

between the average number of minor injuries associated with automobile accidents and 

increasing snowfall accumulation.  Over a 72-hour period, there is a strong negative 

linear association (𝑅2 = 0.92) between the average number of disabling injuries 

associated with automobile accidents and increasing snowfall accumulation.  Over a 72-

hour period, there is a negative linear association (𝑅2 = 0.77) between the average 

number of fatal injuries associated with automobile accidents and increasing snowfall 

accumulation. 

Meteorologists, the media, and local agencies can use this information to inform 

the public of the dangers of driving on interstates with even a small amount of snowfall 

accumulation.  Motorists can easily lose control and will experience reduced braking 

time.  Motorists should drive at slower speeds and stay off the roads during snowfall 

events if at all possible.  
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8.4  KEY FINDINGS AND RECOMMENDATIONS FROM THE 

ANALYSIS OF DATA FROM SHELTER MUTUAL INSURANCE 

COMPANY FOR SEVERE WINTER STORMS IN MISSOURI 

During the time period from October 2000-May 2010 and for the 56 severe winter 

storm events, Shelter Mutual Insurance Company had 11,544 claims and paid out 

$28,543,020.65.  Heavy ice events accounted for the greatest monetary losses with 

Shelter Mutual Insurance Company paying out $14,270,245.76 for 20 events with 5,732 

claims from 2000-2010.  Heavy mixed precipitation events were next with Shelter 

Mutual Insurance Company paying out $12,526,595.09 for 13 events with 5,399 claims.  

Heavy snowfall events were the least costly of the three precipitation types, but still 

generated significant monetary losses with Shelter Mutual Insurance Company paying 

out $1,746,179.80 for 23 events and 413 claims.  Severe winter storms with a heavy ice 

component cause the greatest monetary losses for Missouri.    

The three most costly severe winter storm events out of the 56 analyzed resulted 

in 8,545 claims and an $18,798,030.18 total payout by Shelter Mutual Insurance 

Company.  These severe winter storm events occurred on 12-15 January 2007 (heavy ice 

event with $9,790,373.37 payout and 3,879 claims), 29-31 January 2002 (heavy mixed 

precipitation event with $5,076,516.21 payout and 2,988 claims), and 26-28 January 2009 

(heavy mixed precipitation event with $3,931,140.60 payout and 1,678 claims).   

For all severe winter storms from 2000-2010 the 2006-2007 winter season had the 

highest payout from Shelter Mutual Insurance Company with $13,008,843.59.  This 

winter season also had the most number of severe winter storm claims with 4,455.  The 
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2005-2006 winter season had the lowest payout from Shelter Mutual Insurance Company 

with $52,381.91.  There is only a very small positive linear association (𝑅2 = 0.06) 

identified over time.  There is no significant trend identified.    

When the insurance payout is averaged over the number of severe winter storm 

events, the 2006-2007 winter season has the highest average payout per event with 

$3,252,210.90.  The 2003-2004 winter season had the lowest average payout per event 

with $25,030.59.  There is only a very small positive linear association (𝑅2 = 0.02) 

identified over time.  There is no significant trend identified.  

When the insurance payout is averaged over the number of severe winter storm 

claims, the 2005-2006 winter season has the highest average payout per claim with 

$13,095.48.  The 2001-2002 winter season had the lowest average payout per event with 

$1,702.79.  There is only a very small negative linear association (𝑅2 = 0.01) identified 

over time.  There is no significant trend identified.     

The highest 𝑅2 value (0.27) from the linear analysis was for insurance payouts per 

individual heavy snowfall events over time.  It is difficult to say for sure if Shelter 

Mutual Insurance Company payouts are increasing, decreasing, or staying the same over 

time for severe winter storms because 10 years in not a very long dataset and the dataset 

is highly variable.  More data over a longer period of time is needed to determine how 

Shelter Mutual Insurance Company payouts for severe winter storms are or are not 

changing with time.  With just this dataset, payouts from severe winter storms did not 

significantly increase from 2000-2010.   

Shelter Mutual Insurance Company, meteorologists, and the state of Missouri can 

use this data to get a rough estimate of the monetary losses caused by severe winter 
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storms impacting Missouri from 2000-2010.  The data was from just one insurance 

agency, and it can be expected that total insured losses are even greater for these storms.  

It should be noted that ice accumulation events (with or without heavy snowfall) causes 

significantly more damage and insured losses then heavy snowfall events alone.   

 

8.5  FUTURE WORK 

There are future research opportunities that have been created from the work in 

this dissertation.  The automobile accident data from the MODOT can be used to look at 

other weather phenomena, such as heavy rainfall.  The same methodology can be used to 

determine the conditions that lead to the most accidents occurring with specific amounts 

and duration of rainfall.  With the help of Shelter Mutual Insurance Company and more 

specific records, it would be worthwhile to look at the number of severe winter storm 

claims per county and per event.  It could be possible to estimate the cost of a severe 

winter storm by how many counties or specific counties (such as heavy populated 

counties) are impacted by heavy snow or ice accumulation.  

 



 

 

230 

REFERENCES 

Andresen, J, S Hilberg, and K Kunkel, 2012. Historical climate and climate trends in the 

midwestern USA. U.S. National Climate Assessment Midwest Technical Input Report, 

edited by J Winkler, J Andresen, J Hatfield, D Bidwell, and D Brown, 1-18. 

 

Berger, C. L., A. R. Lupo, P. Browning, M. Bodner, C. C. Rayburn, and M. D. Chambers, 2002: 

A climatology of Northwest Missouri snowfall events: Long term trends and interannual 

variability. J. Phys. Geog. 14, 427-448. 

 

Biondi F., A. Gershunov and D. R. Cayan, 2001. North Pacific decadal climate variability since 

1661. J. Clim. 14, 5-10. 

 

Birk, K., A. R. Lupo, P. E. Guinan, and C. E. Barbieri, 2010: The interannual variability of 

Midwestern temperatures and precipitation as related to the ENSO and PDO, Atmosfera 

23, 95-128. 

 

Branick, M., 1997: A climatology of significant winter type weather events in the contiguous 

U.S. Wea. Forecasting, 12, 193–207.  

 

Changnon, D., T. Creech, N. Marsill, W. Murrell and M. Saxinger, 1999. Interactions with a 

weather sensitive decision maker: A case study incorporating ENSO information into a 

strategy for purchasing natural gas. Bull. Amer. Meteor. Soc. 80, 1117-1125. 

 

Changnon, S. A. 1969: Climatology of Severe Winter Storms in Illinois. Illinois State Water 

Survey Bulletin 53. 

 

_____, K. E. Kunkel, and B. Reinke, 1996: Impacts and responses to the 1995 heat wave: A call 

to action. Bull. Amer. Meteor. Soc., 77, 1497–1506. 

 

_____, 1996b: Losers and winners: A summary of the flood’s impacts. The Great Flood of 1993, 

S. Changnon, Ed., Westview Press, 276–299. 

 

_____, 1997: Misuse of analytical approaches and data on severe weather. Preprints, 10th Conf. 

on Applied Climatology, Reno, NV, Amer. Meteor. Soc., 381–385.  

 

_____, 1997b: Trends in hail in the United States. Proc. Workshop on the Societal and Economic 

Impacts of Weather, Boulder, CO, NCAR, 19–31. 

 

_____, Pielke, R.A., Changnon, D., Sylves, R. and Pulwarty, R. 2000: Human factors explain the 

increased losses from weather and climate extremes. BAMS 81: 437-442.  

 



 

 

231 

_____, and T.G. Creech, 2003: Sources of data on freezing rain and resulting damages. J. Appl. 

Meteor., 42, 1514–1518. 

 

_____, 2002: Developing Data Sets for Assessing Long-term Fluctuations in Freezing Rain and 

Ice Storms in the U.S. Rep. CRC- 46, Changnon Climatologist, 27 pp.  

 

_____, and T. Creech, 2003: Sources of data on freezing rain and resulting damages. J. Appl. 

Meteor. 42, 1514-1518. 

 

Changnon, S. D. 2003. Measures of Economic Impacts of Weather Extremes. B. Am. Meteor. 

Soc., 84 (9), 1231-1235. 

 

COAPS, 2015: ENSO index according to JMA SSTA (1868-present). Accessed 10 November 

2015. [Available online at https://coaps.fsu.edu/jma]. 

 

CoCoRaHs, 2015: Ice accretion. Accessed 10 November 2015. [Available online at 

http://www.cocorahs.org/media/docs/Training_IceAccreation.pdf]. 

 

COOP, 2013: Snow measurement guidelines for National Weather Service Surface observing 

programs. Accessed 10 November 2015. [Available online at 

http://www.nws.noaa.gov/om/coop/reference/Snow_Measurement_Guidelines.pdf]. 

 

COOP, 2014: National Weather Service Manual 10-1315.  Accessed 10 November 2015. 

[http://www.nws.noaa.gov/directives/sym/pd01013015curr.pdf].   

 

CRREL, 2015: Ice storm database. Accessed 10 November 2015 [Available online at 

http://rsgisias.crrel.usace.army.mil/ice/icegis.html#].   

 

Dawson, N., P. Guinan, and A.R. Lupo, 2010: A long-term study of tropical systems impacting 

Missouri. Trans. MO Acad. Sci. 44, 20-28 

 

DeGaetano, A. T, 2000: Climatic perspective and impacts of the 1998 northern New York and 

New England ice storm. Bull. Am. Meteorol. Soc. 81, 237-254 

 

Emanuel, K., R. Sundararajan, and J. Williams, 2008: Hurri- canes and Global Warming: Results 

from Downscaling IPCC AR4 Simulations. Bull. Amer. Meteor. Soc., 89, 347– 367  

 

Eisenberg, D., & Warner, K. E. (2005). Effects of Snowfalls on Motor Vehicle Collisions, 

Injuries, and Fatalities. American Journal of Public Health, 95 (1), 120–124. 

 

Gershunov, A. and T. P. Barnett, 1998: Interdecadal modulation of ENSO teleconnections. Bull. 

Amer. Meteor Soc., 79, 2715–2725.  

 

Grout, T., Y. Hong, J. Basara, B. Balasundaram, Z. Kong, and S. S. Bukkapatnam, 2012. 

Significant Winter Weather Events and Associated Socioeconomic Impacts (Federal Aid 

Expenditures) across Oklahoma: 2000-10. Weather, Climate & Society, 4 (1), 48-58.  



 

 

232 

Gu D. and S. G. H. Philander, 1995. Secular changes of annual and interannual variability in the 

Tropics during the past century. J. Clim. 8, 864-876.  

 

Hoyos, C.D., P.A. Agudelo, P.J. Webster, and J.A. Curry, 2006: Deconvolution of the factors 

contributing to the increase in global hurricane intensity. Science, 312, 94–97.  

 

Hurrell, J. and NCAR Staff (Eds): The climate data guide: Hurrell North Atlantic Oscillation 

(NAO) index (station-based). Accessed 10 November 2015. [available online at 

https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-

index-station-based]. 

 

Illinois Cooperative Crop Reporting Service, 1958: Illinois Agriculture Statistics. Bull. 58-2 

 

Kung, E. C. and J.G. Chern, 1995: Prevailing anomaly patterns of the global sea surface 

temperatures and tropospheric responses. Atmosfera, Vol. 8, 99–114.  

Kunkel, K. E., R. A. Pielke Jr., and S. A. Changnon, 1999: Temporal fluctuations in weather and   

climate extremes that cause economic and human health impacts: A review. Bull. Amer. 

Meteor. Soc., 80, 1077–1098.  

Lupo, A. R. and G. Johnston, 2000: The variability in Atlantic Ocean Basin hurricane occurrence 

and intensity as related to ENSO and the North Pacific Oscillation. Nat. Wea Dig, 24, 3–

13.  

 

_____, D. Albert, R. Hearst, P. S. Market, F. A. Akyuz, and C. L. Allmeyer, 2005: Interannual 

variability of snowfall events and snowfall-to-liquid water equivalents in South-west 

Missouri, Nat. Wea. Dig. 29, 13-24. 

 

_____, E. P. Kelsey, D. K. Weitlich, I. I. Mokhov, F. A. Akyuz, P. E. Guinan, and J. E. Woolard, 

2007: Interannual and interdecadal variability in the predominant Pacific Region SST 

anomaly patterns and their impact on a local climate, Atmosfera 20, 171-196. 

 

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis, 1997: A Pacific 

interdecadal climate oscillation with impacts on salmon production, Bull. Amer. Met. Soc. 

78, 1069-1079. 

 

Market, P.S., C.E., and R.L. Ebert, 2002: A climatology of thundersnow events over the 

contiguous United States. Wea. Forecasting, 17, 1290-1295. 

 

Minobe, S., 1997: A 50-70 year climatic oscillation over the North Pacific and North America, 

Geophys. Res. Lett. 24, 683-686. 

 

Mokhov I. I., A. V. Eliseev and D. V. Khvorostyanov, 2000. Evolution of characteristics of the 

climate variability related to the El Niño / La Niña phenomena. Izvestiya, Atmos. Ocean. 

Phys., 36, 741-751.  

 



 

 

233 

Mokhov, I. I., D. V. Khvorostyanov, and A. V., Eliseev, 2004: Decadal and longer-term changes 

in ENSO characteristics, Int. J. Climatol. 24, 401-414. 

 

Moser, W. K., Treiman, T., Moltzan, B., Lawrence, R. and Brand, G.J.: 2004: Missouri’s forest 

resources in 2002, Res. Bull. NC-233. USDA Forest Service, North Central Research 

Station, St. Paul, Minnesota. 42 pp.  

 

Mulherin, N.D., 1996: Atmospheric icing and tower collapse in the United States, Proceedings of 

the 7th International Workshop on Atmospheric Icing of Structures, Chicoutimi, Quebec, 

Canada, June 1996, p 457.  

 

NCDC, 2015: Daily summary observations. Accessed 11 November 2015 [Available online at 

https://gis.ncdc.noaa.gov/map/viewer/#app=cdo&cfg=obs&theme=ghcn] 

 

Neter, J., W. Wasserman, and G. A. Whitmore, 1988: Applied Statistics. 3rd ed., Allyn and 

Bacon Press, 1006 pp. 

 

NWS EAX, 2015: Major storm brings winter weather to the NWS Pleasant Hill Office. Accessed 

10 November 2015 [Available online at http://www.fcst-

office.com/HardRock/Meteo361/2006%20Climate%20Summary%20KC/November%20

29%20%202006%20Winter%20Storm.htm] 

 

NWS LSX, 2015: [Available online (image had been removed) http://www.weather.gov/lsx/] 

 

NWS PAH, 2015: Ice storm 2009: beauty and destruction. Accessed 10 November 2015 

[Available online 

http://www.weather.gov/media/pah/Top10Events/2009/Ice%20Storm%20Jan%2026-

28%202009.pdf] 

 

NWS SGF, 2015: Historic ice storm of January 12-14, 2007. Accessed 10 November 2015 

[Available online at http://www.weather.gov/sgf/events_2007jan12]. 

Pielke, R. A., Jr., and C. W. Landsea, 1998: Normalized hurricane damages in the United States: 

1925–95. Wea. Forecasting, 13, 621– 631.  

——, 1999: Flood impacts on society: Damaging floods as a framework for assessment. Floods, 

D. J. Parker, Ed., Routledge Press, 40 pp.  

Rauber, R. M., L. S. Olthoff, M. K. Ramamurthy, D. Miller, and K. E. Kunkel, 2001: A synoptic 

weather pattern and sounding-based climatology of freezing precipitation in the United 

States east of the Rocky Mountains. J. Appl. Meteor., 40, 1724–1747.  

 

Roebber, P. J., S. L. Bruening, D. M. Schultz, and J. V. Cortinas, 2003: Improving snowfall 

forecasting by diagnosing snow density. Wea. Forecasting, 18, 264 - 287.  

 



 

 

234 

Roth, R. J., Sr., 1996: The property casualty insurance industry and the weather of 1991–1994. 

Impacts and Responses of the Insurance Industry to Recent Weather Extremes, S. 

Changnon, Ed., Changnon Climatologist, 101–132. [Available from Changnon 

Climatologist, 801 Buckthorn, Mahomet, IL 61853.]  

 

Sanders, K. J., C. M. Gravelle, J. P. Gagan, and C. E. Graves, 2013: Characteristics of major ice 

storms in the central United States. J. Operational Meteor. 1 (10), 100–113.    

 

SEMA, 2015  http://sema.dps.mo.gov/maps_and_disasters/disasters/ 

 

Smith, A., and R. Katz, 2013: U.S. billion-dollar weather and climate disasters: data sources, 

trends, accuracy, and biases. Natural Hazards. 

 

SPC, 2015: Frequently asked questions (FAQ). Accessed 10 November 2015 [Available online 

at http://www.spc.noaa.gov/faq/#4.1]. 

 

UCAR, 2015: Image archive meteorological case study selection kit. Accessed 11 November 

2015 [Available online at http://www2.mmm.ucar.edu/imagearchive/]. 

 

UNISYS, 2014: Atlantic tropical storm tracking by year. Accessed 10 November 2015  

[Available online at http://weather.unisys.com/hurricane/atlantic/].   

 

Vimont, D.J., and J.P. Kossin, 2007: The Atlantic meridional mode and hurricane activity 

Geophys. Res. Lett., 34, L07709, doi:10.1029/2007GL029683.  

 

WMO, 2015: Climate data and data related products. Accessed 10 November 2015 [Available 

online at http://www.wmo.int/pages/themes/climate/climate_data_and_products.php]. 

 

Zuki, Md. Z., and A.R. Lupo, 2008: The interannual variability of tropical cyclone activity in the 

southern South China Sea. J. Geophys. Res., 113, D06106, doi:10.1029/2007 JD009218–

14 pp.  

 

 

http://www.nwas.org/jom/abstracts/2013/2013-JOM10/abstract.php
http://www.nwas.org/jom/abstracts/2013/2013-JOM10/abstract.php


 

 

235 

VITA 

 

Katie Lee Crandall was born July 12, 1984 in Denver, Colorado to Steve and Karen 

Crandall.  She is the youngest of five half-siblings from her Father’s previous marriages.  She 

grew up in Broomfield, CO and graduated from Broomfield High School in 2002.  Her love of 

meteorology started early in life and led her to Metropolitan State University of Denver.  With 

the help of a wonderful undergraduate adviser named Dr. Sam Ng she graduated with a 

Bachelor’s of Science degree in Meteorology in December of 2007.   

Katie first meets Dr. Anthony Lupo in the spring of 2007 at the American Meteorological 

Society Annual Meeting.  At the time, Dr. Lupo was the Chair of the Soil, Environmental, and 

Atmospheric Sciences Department at the University of Missouri.  This meeting led her to choose 

the University of Missouri for her graduate studies.  Dr. Patrick Market became her graduate 

adviser in the fall of 2008.  At the time, Dr. Market was finishing work on his grant to develop 

forecasting procedures for convective snow events in the central United States.  Katie helped to 

complete the grant work with her thesis titled “Analysis of Forecast Performance for Hit, Miss, 

and False Alarm Thundersnow Events During ROCS.”  She graduates with a Master’s of Science 

degree in Atmospheric Science in May of 2010.   

Katie decided to stay at the University of Missouri for her doctorate degree.  Dr. Market 

continued as her graduate adviser and helped her to decide on a doctoral research topic.  She 

chose to study severe winter storms in Missouri.  She choose this field of study because it was 

related to her thesis work and she also felt that any research on this topic would be beneficial to 



 

 

236 

the state of Missouri and its residents.  She wanted to perform research that would be helpful to 

society and not just theoretical study.   

In the summer of 2012 she meet her now fiancé Matthew Vigil.  In the fall of 2014, Katie 

accepted a position with the National Weather Service Operations Proving Ground.  She moved 

to Kansas City, Missouri with Matthew Vigil and had now been with the Operations Proving 

Ground for over a year.  She is one of a five-person team and loves that she gets to work with 

forecasters to adopt new weather technology into the National Weather Service.  Katie adopted a 

puppy that needed a good home in the fall of 2015.  Sammi keeps her on her toes and in good 

spirits.  Katie graduated with her Doctor of Philosophy degree in the winter of 2015.   

 

 

 

 

 


