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Abstract 

Thesis: Snowfall variability in the eastern United States associated with the North Atlantic 

Oscillation, Pacific-North American, and El Niño/Southern Oscillation teleconnection patterns 

Student: David J. Stefl 

Degree: Master of Science 

College: Sciences and Humanities  

Date: July, 2014 

Pages:  80 

Teleconnection patterns wield a strong influence on regional climate variability. Several 

studies have linked North American hydroclimatology with the teleconnection strength and 

phase.  The purpose of this study is to understand the spatiotemporal relationship between three 

large-scale modes of atmospheric variability and snowfall distributions in the eastern United 

States.  In particular, snowfall responses were examined on a sub-regional level to the Pacific-

North American (PNA), North Atlantic Oscillation (NAO), and El Niño/Southern Oscillation 

(ENSO) patterns at different periods through the winter season using a similar methodology 

found in Smith and O’Brien (2001). 

 Snowfall data were collected from the United States Historical Climatology Network 

(USHCN) for the years 1951-2012.	  	  In order to examine snowfall within season variability, each 

snowfall season was grouped into three, three-month overlapping periods: early, October, 

November, and December (OND); middle, December, January, and February (DJF); and late, 

February, March, and April (FMA).  Average monthly teleconnection pattern index values for 
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PNA, NAO, and ENSO were collected from the Climate Prediction Center (CPC) and National 

Climatic Data Center (NCDC) and averaged into corresponding periods. For each station, 

boxplots were created showing the winter snowfall range as well as the first, second (median), 

and third quartiles.  An observational analysis was performed in which the station boxplots were 

then grouped according to one of three general median snowfall teleconnection pattern responses 

(e.g., high median snowfall in NAO negative phase).  A non-parametric two sample t-test was 

employed to determine if the shifts in median snowfall between teleconnection pattern phases are 

statistically significant. The results of the statistical analysis revealed that although there were 

observable shifts in snowfall in relation to teleconnection pattern phase, the observed shift was 

not significant in an appreciable amount of stations.  
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I. INTRODUCTION 

 

Snowfall in the United States plays a crucial factor in many regional economies. The budget 

of a city can be severely impacted if a snowfall season has a substantially different amount of 

snowfall than anticipated. In 2011 the city council of Kettering, Ohio, had to approve an 

emergency budget increase of $215,000 for additional road salt after their stores ran out due to an 

unusually active snowfall season (Kelley, 2011). Snowfall plays an integral part to many local 

and regional economies by either boosting or hindering them during a snowfall season. A ski 

resort in West Dover, Vermont, was hit especially hard in 2011 when so little snow fell that the 

snow makers on their slopes could not keep up with the lack of snow. As a result of this single 

ski resort having no snow, the hotels and restaurants that relied on the business the resort brought 

in had far fewer patrons (Goodnough, 2011). In contrast, other regions of the U.S. have 

experienced a significant increase in annual snowfall since the 1920s, particularly around the 

Great Lakes and Northern Ohio River Valley, the leeward side of the Rockies, and parts of the 

north-central contiguous U.S. (Kunkel et. al., 2009). The large snowfall variability of recent 

decades, especially along the densely populated Eastern Seaboard, has the potential to impact 

many lives.  

Atmospheric circulation variability has the potential to drastically shift where and when 

snowfall occurs in the mid-latitudes. One way atmospheric circulation can be significantly 

shifted is through the movement and varying strength of teleconnection patterns.  Relying on the 

principle of conservation of mass, teleconnection patterns are large-scale periodic oscillations of 

geopotential height, surface pressures, or sea surface temperatures between action centers. Three 

such patterns are the North Atlantic Oscillation (NAO), the Pacific-North American (PNA), and 
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El Niño/Southern Oscillation (ENSO). All three of these teleconnection patterns have been 

shown to have strong impacts on upper-level flow patterns across the contiguous United States as 

well as impacting other atmospheric variables such as temperature and precipitation (e.g., 

Barnston and Livezey, 1987; Easterling, 1994; Groisman; Smith et. al., 1998; Coleman and 

Rogers, 2003; and Durkee, et. al., 2008). Typically, the difference in phase for each 

teleconnection patterns either produces an increasingly zonal or meridional upper-level flow 

pattern. The phases of teleconnection pattern which create meridional (zonal) upper-level flow 

patterns over the United States are NAO negative (positive), ENSO warm (cold) phase, and PNA 

positive (negative). Increasingly meridional flow patterns during winter often produce a 

deepened trough in eastern North America, thereby producing lower than average temperatures 

and making snowfall the more probable precipitation type. Conversely, an increasingly zonal 

flow across North America would diminish the southern extent of cold air into the U.S. and 

restrict snowfall to more northern regions.  

Past studies have examined the total winter precipitation in relation to one teleconnection 

pattern and using the entire snowfall season. This study will examine multiple teleconnection 

patterns across different periods of a snowfall season. The purpose of this study is to understand 

the spatiotemporal relationship between various large-scale modes of atmospheric variability and 

snowfall in the eastern United States. The methodology for this study is largely borrowed from 

Smith and O'Brien (2001) that examined the impact of ENSO on U.S. snowfall distributions 

during early, middle, and late winter. This study differs from Smith and O'Brien in three major 

respects: 1) longer analysis period; 2) different ENSO index for identifying cold and warm 

periods; 3) examining the influence of other winter atmospheric teleconnection patterns.  

Through the use of observational analysis and statistical techniques, this study will examine 
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the spatiotemporal relationship between NAO, PNA, and ENSO, and snowfall in the eastern U.S. 

The observational analysis revealed that typically SOI negative phase increased snowfall in the 

eastern regions of the study area, whereas SOI positive phase increased snowfall in the western 

regions of the study area, NAO negative was dominant, with increased snowfall in a majority of 

the study area during every period with NAO positive having a minimal observational impact on 

increased snowfall in the northwest region of the study area. Finally, PNA negative was first 

observed increasing snowfall in the west during the early period and moving east through 

subsequent periods. The statistical analysis revealed that the findings from the observational 

analysis were largely insignificant as the total number of stations which showed a significant 

shift in snowfall between positive and negative phase were few, and the stations which showed a 

significant shift in snowfall were more often than not spaced randomly across the study area.  
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II. LITERATURE REVIEW 

 

 This study aims to examine the spatiotemporal relationship between various large-scale 

modes of atmospheric variability and snowfall. Understanding the implications of upper-level 

variability in relation to teleconnection patterns is essential for improvements in long-term 

seasonal snow forecasting. The results of this study will enable forecasters to more accurately 

predict how snowfall will deviate from the average and more effectively communicate with the 

public to allow adequate preparation for the upcoming snowfall season.  

2.1 Winter Storm Tracks in the Eastern United States 

 Large-scale modes of atmospheric variability strongly influence jet stream position and 

intensity thereby impacting the location, frequency, and storms track of mid-latitude cyclone 

development across the U.S. Typically, snowstorms track across the U.S. in a northeast or north-

northeast direction (Hirsch, et. al., 2001). However, researchers have identified three tracks that 

large snowstorms take over eastern United States. Changnon et. al. (2008) examine 241 large 

storms over a period from 1950-2000 and found the tracks large snowstorms routinely followed 

were: (1) from the central Rockies toward the Great Lakes, (2) from the Mississippi River Basin 

to the Great Lakes, and (3) near the coastal mid-Atlantic region towards Maine. The first two of 

these situations indicate that the jet stream is positioned more zonally across the U.S. as the 

major track of these storms is as expected, from west to east, where the third exhibits a highly 

meridional path, showing that frequency of winter storms is sensitive to shifts in position and 

intensity of the jet stream. Additionally, Serreze et. al. (1998) showed that regions of the upper 

Midwest snowfall are strongly dependent on frequency of precipitation whereas the Northeast 

and Midwest snowfall is more dependent on maximum temperature during periods of 
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precipitation. When the upper-level flow pattern is more zonal, the frequency of precipitation 

increases as more moisture can be advected into the region from the Gulf of Mexico and the jet 

stream intensifies thereby creating more frequent cyclones (Changnon et. al., 2008) and higher 

snowfall totals in the upper Midwest. Conversely, when the jet stream is highly meridional, with 

a ridge typically closer to the upper Midwest and a trough near the southeastern U.S., 

temperatures are lower in the Midwest and Northeast, thus allowing for lower seasonal snowfall 

totals in the upper Midwest. Additionally, as the third most common track of winter cyclones is 

highly meridional, the Northeast and Great Lakes region typically get increased snow totals due 

to the trough in the southeast bringing colder temperatures and storms along the East Coast. 

(Serreze, et. al., 1998, Changnon et. al., 2008).  

2.2 Teleconnection Patterns 

Teleconnection patterns are the large-scale persistent oscillation of atmospheric variables 

(e.g., pressure, temperature, or geopotential heights), which are made up of areas of response 

called action centers (Rohli and Vega, 2012). Shifts in action centers are driven by conservation 

of mass, such that if there is an increase in the atmospheric variable in one action center, there 

must be a corresponding decrease in a different action center (Barnston and Livezey, 1987). 

When one or more action center strengthens (increases), the opposite action center(s) weakens 

(decreases) changing the phase of the teleconnection pattern. All teleconnection patterns can be 

described as having two phases, either positive or negative, which have various impacts on the 

circulation of the atmosphere over many thousands of miles.  
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2.2.1 North Atlantic Oscillation 

 Consisting of two action centers located in the north Atlantic Ocean, the North Atlantic 

Oscillation (NAO) is one of the main drivers of upper-level atmospheric flow patterns in the 

northern hemisphere (Visbeck et. al., 2001). The NAO has one consistent center located near the 

coast of Greenland, which represents the Icelandic low, and another that shifts opposite to the 

first, which can be located anywhere from over the United States, Europe, or over the Atlantic 

Ocean, and represents the Azores high (Serreze, et. al., 1997). Although all three locations of the 

Azores action center may be present, the action center located over the Atlantic Ocean is 

typically strongest and most consistently present (Portis, et. al., 2001). The oscillation between 

these two areas, the Icelandic low and the Azores high (Figure 2.1), is the basis of the NAO 

(Durkee et. al., 2008).  
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Figure 2.4: Approximate Locations of NAO action centers. Red area represents the Icelandic 
Low. Blue area represents Azores High (Dawson, 2013). 

 

Oscillations between the two areas can be seen in surface pressure (Hurrell, 1995), in 700 mb 

geopotential heights (Wallace and Gutzler, 1981), as well as in 500 mb geopotential heights 

(CPC, 2013).  The NAO is one of the only teleconnection patterns in the Northern Hemisphere 

that can be found consistently throughout the year (Hurrell, 1996) allowing it to have a 

predictable effect on weather patterns stretching from North America to Europe year-round. 

 The phases of NAO have a strong impact on the placement and intensity of the jet stream 

over the United States and Europe (Hurrell, 2001). When NAO is in negative phase, the northern 

action center geopotential heights/sea level pressures increase, and the southern action center 
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geopotential heights/sea level pressures decrease. The NAO negative phase is associated with a 

weaker pressure gradient over the north Atlantic and diminished westerlies that lead to an 

increasingly meridional upper-level flow pattern over the United States and Europe (Ambaum et. 

al., 2001)(Figure 2.2a). The highly meridional pattern creates a deep trough over the eastern 

U.S., which allows for much colder temperatures to intrude further south. As the jet stream 

moves south over the eastern U.S., the northeast experiences cooler temperatures and drier 

conditions. The southerly displaced jet stream allows for cold air masses to intrude further south 

over the eastern U.S. and effectively blocks any moisture that would be brought into the region 

by the clockwise circulation pattern surrounding the Azores high. Although the total amount of 

precipitation decreases, the type of precipitation that does occur over the eastern U.S. shifts in 

favor of snowfall due to the colder temperatures during the winter months (Visbeck et. al., 2007).  

Conversely, when in positive phase, the southern action center, associated with the 

Azores high, has higher-than-average geopotential heights or sea level pressures, and the 

northern action center associated with the Icelandic low has lower-than-average geopotential 

heights or sea level pressures (Luo and Cha, 2012). Stronger-than-normal circulation centers 

establish a strong pressure gradient over the North Atlantic Ocean and leads to stronger upper-

level winds and an increasingly zonal pattern of the jet stream (Figure 2.2b). Along with an 

increase in strength of the jet stream, when the NAO has a relatively high positive phase index 

value, over +1.0, the westerlies increase by an average of 8 m/s throughout the atmosphere 

(Durkee et. al., 2007). The zonal pattern across the Atlantic brings the jet stream further north 

over the U.S. and Atlantic Ocean, which allows for warmer temperatures over much of the 

Eastern U.S. (Baldwin, et. al. 1994). As the NAO value increases, the relative strength of the 

Azores high intensifies, which strengthens the circulation around the action center. Increased 
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strength of circulation around the high pressure feature allows for two events: (1) the addition of 

warm and moist air being pulled into the eastern U.S. without being inhibited by the jet stream 

(Hurrell, 1995), and (2) an increase in storm frequency along the jet stream. With the increase in 

southerly circulation over the U.S., contrasting air masses are able to meet more often and create 

more frequent storms. However, the northerly position of the jet stream and the increase in warm 

air generally forces precipitation to fall as rain over much of the eastern U.S. during winter NAO 

positive events (Mo and Livezey, 1986).  

 

a)        b) 

	  

Figure 2.5: NAO Phases (NOAA, 2014); a) NAO Negative Phase, b) NAO Positive Phase 

 

 Throughout the year action centers associated with NAO move based on season as well 

as display variations in relative strength. Generally, during the winter season the Icelandic center 

is located near 70º N and 40º-60º W and the Azores-Bermuda center is located near 30-35º N and 
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40-60º W. Additionally, during the winter the zero line, or the midpoint between the two action 

centers, is located around 50º N. During the summer the cells shift slightly northward so that the 

northern center is located between 70º-75º N and 40º-60º W and the southern center is located 

between 40º-50º N and 40º-60º W with the zero line shifting northward also to between 50º-60º 

N (Barnston and Livezey, 1987). Due to the fact that the NAO action centers move on a regular 

basis, Portis et. al. (2001) developed the NAO mobile (NAOm) node method. Using a 62-year 

long dataset from 1948-1999, Portis et. al. (2001) examined the NAO action centers and 

determined the largest significant difference (p<0.05) between the northern and southern centers 

and used those points as nodes for their NAOm index. These findings show that action centers 

associated with NAO can shift drastically from month-to-month, not just between seasons 

(Figure 2.3).  
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Figure 2.6: Locations on NAO nodes using NAOm method (Portis et. al., 2001), locations 
labeled by month number, arrows indicate movement direction.  

 

 Along with monthly shifts in location, the NAO relative strength can shift over the course 

of months, seasons, years, or even decades (Hurrell et. al., 2001). In the past 60 years alone the 

NAO has seen shifts in phase persistence, most notably the 1960's where the annual NAO mean 

was strongly negative, particularly between September and February (Figure 2.4a-b) (Portis et. 

al. 2001).  
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Figure 2.7: NAOm index for four seasons compared to annual mean (Portis et. al., 2001); a) 
December, January, February (DJF); June, July, August (JJA), and b) March, April, May (MAM); 
and September, October, November (SON). 

 

After this period, however, there was a general increase in annual NAO values which peaked in 

the 1990's with the highest average NAO index values ever recorded through 1995 (Figure 2.4a). 

Increasing annual NAO values also corresponded with increasing autumn and winter NAO 

values. Annual NAO values are largely driven by winter values due to residence times of NAO 

events in the winter months compared to the summer months. NAO will only maintain a given 

phase in the summer for a relatively short period of time. During the course of a summer month 

NAO could shift from positive to negative multiple times giving the month a fairly weak, either 

positive or negative, average, thus not properly representing the actual strengths of each phase. 
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Whereas in the winter, the residence time for each phase is longer such that when the monthly 

value is averaged, the winter months appear to be stronger, allowing for the increased impact of 

winter months on the annual NAO value (Hurrell et. al., 2001).    

2.2.2 Pacific-North American 	  

	   Consisting of four action centers, the Pacific-North American (PNA) teleconnection 

pattern is another of the main drivers of cold-season upper-level circulation patterns over the 

U.S. The first pair of actions centers which shift in tandem, consists of the strongest center which 

is located near the Aleutians between 40º-50º N and 150º-170º W and the southeastern U.S. 

centers which is located between 20º-30º N and 80º W. The second pair of actions centers, which 

oscillates opposite the first, is made up of the western Canadian center which is located near 50º 

N and between 105º-125º W and the Hawaiian center, which is located between 20º - 30º N and 

at 170º W (Figure 2.5). PNA is derived from geopotential height anomalies and most commonly 

observed in oscillations between action centers at 500 mb (Wallace and Gutzler, 1981) and 700 

mb (Barston and Livezey, 1987). Although PNA is present year-round, its impacts on upper-

level flow greatly diminish for the spring and summer months, beginning in April/May and 

ending in September/October (Allan et. al., 2012; Leathers et. al., 1991).  
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Figure 2.5: Locations of PNA action centers. (1) Hawaiian center, (2) Aleutian center, (3) 
western Canadian center, (4) southeastern U.S. center.  

  

The PNA can be characterized as having two distinct phases which impact upper-level 

flow over the Pacific Ocean and the U.S (Rohli and Vega, 2012). During the PNA positive phase 

events, the Aleutian and southeastern U.S. centers exhibit lower than average geopotential 

heights whereas the Hawaiian and the western Canadian centers have higher than average 

geopotential heights (Dai, 1999). A strong pressure gradient is then created over the Pacific 

Ocean, thus upper-level flow patterns over the U.S. and the Pacific Ocean become increasingly 

zonal with an abnormally strong jet stream (Figure 2.6). Conversely, during the PNA negative 

phase the Aleutian and southeastern U.S. center exhibit higher-than-average geopotential heights 

whereas the Hawaiian and northwestern Canadian centers exhibit lower-than-average 
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geopotential heights (Leathers et. al., 1991). This leads to a relatively weak pressure gradient 

over the Pacific Ocean and thus a weakening of upper-level flow over the United States and an 

increasingly meridional pattern (Vega et. al., 1995) (Figure 2.6).  

	  

Figure 2.6: Average flow patterns at 700 mb over the U.S. for PNA negative (dashed line), PNA 
Positive (solid black line), and the mean (grey line)	  (Leathers et. al., 1991)	  

 

Due to the shifts in upper-level flow patterns caused by phase changes of PNA, weather 

and climate over the United States can be drastically impacted. Additionally, due to the high 

relative strength during the winter season, winter months are impacted most by PNA. During 

positive phase PNA events, when upper-level flow is increasingly meridional, there is a decrease 

in precipitation across the northeastern U.S. due to the southerly position of the jet stream. Also 

due to the amplified trough in the east, the areas of highest precipitation are pushed to the south 
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that leads to drier-than-average winters, especially in the Ohio River Valley and the Mississippi 

Valley (Coleman and Rogers, 2003; Leathers et. al., 1991). The southerly position of the jet 

stream increases the southerly extent of continental polar air masses and diminishes the influence 

of Gulf of Mexico moisture into the northeast U.S. thus further decreasing precipitation. During 

PNA negative years, when the jet stream exhibits a zonal pattern, precipitation has been shown 

to increase over the entire northeast U.S. and most strongly in the Ohio River Valley region 

during the months of December-March (Konrad et. al., 2007). During PNA negative years the jet 

stream is pushed north to a position extending from the Ohio River Valley to the northeast over 

Pennsylvania and New Jersey, which allows for an increased number of cyclones to develop in 

the region as well as allows moisture to be brought in from both the Gulf of Mexico and the 

Pacific Ocean (Ge et. al., 2009). 

 Average temperatures across the eastern U.S. have also been shown to have a robust 

relationship with winter PNA phase. Temperature in the northeast shows a strong inverse 

relationship with PNA index across the entire eastern half of the United States with the strongest 

linkages in the southeastern U.S. (Liu et. al., 2014). Weak negative correlations in the northeast 

indicate that the area is usually quite cold during both positive and negative PNA phases, but 

only slightly colder during negative phases. Thus, snowpack is able to maintain longer during the 

winter in the northeast during positive events compared to the southeast. However, when there is 

a PNA negative event the snow that does fall in the entire eastern U.S. is able to remain frozen  

on the ground longer further south due to the colder temperatures (Ge et. al., 2009).  

 Throughout the year action centers associated with PNA migrate and have relative 

increases and decreases in strength based on season. Typically, the Aleutian action center can be 

found between 40º-50º N any time of the year but propagates in an east-west direction along with 



17	  
	  

the seasons. During winter the Aleutian center is located near 170º W, however during all other 

seasons the center moves east and can be found between 150º-160º W. The western Canadian 

center can be found at 50º N and between 105º W-115º W during the months between March-

November. During December, January, and February, however, the center shifts north and west 

to between 50º -60º N and 115º-125º W (Leathers et. al., 1992). The southeastern United States 

action center, can be found closer to Cuba at 20º N and 80º W during the spring but moves 

northward during the fall and is located closer to 30º N and 80º W. The Hawaiian action center is 

located around 20º N and 170º W during the winter months but shifts north and west and can be 

found closer to 30º N and between 170º -180º W during the summer months. (Barnston and 

Livezey, 1987).  

 Along with the seasonal movement of PNA action centers, the relative strength of these 

centers also has the potential to vary. Where the position of the action centers change based on 

season, the strength of these action centers can shift over the course of a week, a month, or a 

season and overall strength changes can be observed over the course of many years (Konrad et. 

al, 1997, Allan et. al, 2013, Barston and Livezey, 1987). On average, the winter season is when 

PNA exhibits the strongest influence on the atmosphere, whether that is strongly positive or 

strongly negative (Liu et. al., 2011). Since the 1950s there has been a shift towards more frequent 

positive PNA events (Allan, et. al., 2012); however, the positive PNA strength has shown 

considerable variation. Over a period of 40 months, positive PNA oscillates from greater positive 

events to lesser positive events (Leathers et. al., 1992). Additionally, a study performed by Vega 

et. al. (1995) tracked persistence of PNA phases over a 23 year period, between the months of 

November-March, to evaluate the impact of short-term oscillations in phase. The researchers 

found that in months that exhibited strong positive phase PNA, (above 1.0 index value) there was 
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a maximum of 8.83 days in a row that exhibited positive phase PNA. Conversely, for months 

that exhibited a strong negative phase PNA, below -1.0 index value, the mean run of negative 

phase days was 17.17 days. However, of the 115 months in the study period, only 6 months had a 

mean PNA monthly negative index value. Thus, when a strongly negative PNA event is 

triggered, the length of time it persists, within the negative month, can be quite long, leading to 

negative phase months exerting a much greater impact on atmospheric circulation than positive 

months. 	     

2.2.3 El Niño/Southern Oscillation 

 ENSO is a teleconnection pattern comprised of two parts: (1) El Niño, which is the 

eastward shift of warm sea surface temperatures (SSTs) to the central and eastern tropical 

Pacific; and (2) the Southern Oscillation, the atmospheric component linked to El Niño, which is 

the oscillation of surface pressures between Darwin, Australia and Tahiti, French Indonesia 

(Trenberth, 1997). El Niño is comprised of two events, a warm-phase (El Niño) and a cold-phase 

(La Niña) based on the positioning of central and eastern Pacific SST anomalies. An El Niño (La 

Niña) event occurs when warmer-(colder) than-average SSTs are present in the central and 

eastern tropical Pacific Ocean (Rohli and Vega, 2012). Linked to El Niño events is the Southern 

Oscillation, in which surface pressures shift in conjunction with El Niño/La Niña events. The 

Southern Oscillation can also be characterized by two phases, positive and negative, using the 

Southern Oscillation Index (SOI). When SOI values are negative, due to the shift of warm water 

to the central Pacific Ocean which decreases atmospheric pressures in that region, it is indicative 

of an El Niño event and when SOI values are positive, due to the intensification of warm water 

along the Australian coast thus decreasing atmospheric pressures in that region, it is indicative of 

a La Niña event (Varotsos and Tzanis, 2012).  
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 The Southern Oscillation is measured using the differences in standardized sea level 

pressures between Darwin, Australia and Tahiti, French Indonesia. Negative SOI values are 

characterized by lower-than-average pressures in Tahiti and above average pressures in Darwin. 

Positive SOI values are characterized by higher-than-average pressures in Tahiti and lower-than-

average pressures in Darwin (NCDC, 2013). Calculation of SOI is: 

SOI= (Standardized Tahiti Pressure – Standarized Darwin Pressure)/Monthly Standard deviation 

Where Southern Oscillation (SO) can be measured using sea level pressures, Niño phase is 

determined by the measurement of SSTs in the tropical Pacific. One method is to break up the 

tropical Pacific into four regions. Region 1 is located off the coast of South America in an area 

between 5°-10° S and 80°-90° W. Just to the north is region 2 located in an area between 0°-5° S 

and 80°-90° W. Region 3 is located to the west of regions 1 and 2 in an area between 5° N-5° S 

and 120°-170° W. Finally, region 4, located to the west of region 3 can is located between 5° N-

5° S and 160° E-150° W (Figure 2.6). Although any of these regions can be used to determine El 

Niño events the most common region used by researchers is an additional region, known as 

region 3.4, which overlaps part of region 3 and part of region 4 and is located in an area between 

5°N-5° S and 170°–120° W. (Trenberth and Stepaniak, 2000)(Figure 2.7). Another common 

region-based El Niño index is the Japan Meteorological Agency (JMA) index. JMA is based on a 

region of the tropical Pacific that is between 4°N-4° S and 90°-150° W. Unlike the Niño regions, 

the JMA is created using a 5-month running mean of SSTs to determine El Niño events (Patten, 

et. al., 2003; Smith et. al., 1999).  The aforementioned regions have a SST anomaly threshold 

value of +/-0.5° C to determine El Niño (La Niña) events (NCDC, 2014; Patten, et. al., 2003; 

Smith et. al., 2001).  
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Figure 2.7: El Niño Regions in the tropical Pacific Ocean (NCDC, 2014) 

 

SO also plays a role in upper-level flow patterns across the continental United States. 

During ENSO negative time periods, the westerlies across the Pacific increase in strength. 

Therefore there is an intensification of the subtropical jet stream over the United States which 

forces the semi-permanent high pressure feature over the coast of California to move northward 

towards the Canadian west coast (Compo et. al., 2001). The movement of this semi-permanent 

high pressure feature along with the intensification of the westerlies creates an increasingly zonal 

upper-level flow pattern across the United States (Patten et. al., 2003). During positive phase SO 

events the Pacific semi-permanent high pressure feature remains in a southerly position which 

causes a decrease in the strength of the westerlies which leads to a weakening of upper-level 

flow. From the weakening of the westerlies and the position of the high pressure feature off the 

North American Pacific coastline, the jet stream exhibits an increasingly meridional flow pattern 

(Sedlacek and Balling, 1996).  
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 SO has been shown many times to have a significant relationship with precipitation and 

temperature throughout the United States, with most research showing the greatest relationships 

to the west coast (e.g., Sedlacek and Balling, 1996; Smith et. al., 1998; McCabe and Dettinger, 

1999; Woolhiser, 2008). However, significant relationships with the eastern U.S. exist. During 

SO negative events the zonal upper-level flow pattern across the U.S. allows for warmth and 

moisture to be pulled in along the intense subtropical jet stream from the Pacific Ocean and the 

Gulf of Mexico. This leads to an increase in frequency of storms along the southern parts of the 

United States thus an increase in precipitation can be observed in the south eastern United States 

(Trenberth, 1997). However, the northeast and New England states experience an increase in the 

number of heavy snowfall (>152.4 mm) days during this period, from an average of 0.5 days per 

winter to 1.5 days per winter, but experience a decrease in the frequency of light and moderate 

snowfall (≤152.3mm) days (Patten et. al., 2003).  Additionally, with the jet stream being in a 

zonal pattern across the southern U.S., temperatures in the southeast U.S. are generally warmer 

during these periods (Mo, 2010). 

 During SO-positive periods the meridional upper-level flow pattern across the U.S. 

allows for increased winter precipitation in the Tennessee Valley while further east and south 

along the east coast experiences drier conditions. Additionally, the frequency of light snowfall 

days (<50.8 mm) increased in the Midwest, and the frequency of heavy snowfall days (>152.4 

mm) increased in the northeast U.S., including the New England states. (Patten et. al., 2003) The 

trough over the Midwest allows for colder temperatures in that region and increases the 

frequency of overrunning situations, which typically produce widespread light snowfall; that 

accounts for increased frequency in light snowfall days. As the trough turns northward to the east 

of the Midwest, the jet stream gets pushed northward over Canada and allows for large storms, 
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such as Nor’easters to impact the eastern seaboard. Nor’easters typically bring large snowfall 

amounts, which accounts for the increased frequency in heavy snowfall days in the region 

(Philander, 1985) 

 This study will use a combination of observational analysis bolstered by statistical 

analysis similar to Smith et. al. (2001), in order to more accurately predict winter precipitation 

patterns across the northeast U.S. in relation to three teleconnection patterns. By examining the 

extreme phases of each teleconnection pattern, which are more likely to produce varied weather 

patterns, this study aims to improve long-term seasonal snow forecasting by focusing on 

snowfall in relation to ENSO, NAO, and PNA. The largest impact on snowfall in the Northeast is 

thought to be NAO due to the proximity to this region; however all three teleconnection patterns 

impact upper-level flow in similar fashion, so a strong relationship between them and snowfall is 

expected.  
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III. DATA AND METHODS 

 

 

 The goal of this study is to assess the relationship between three teleconnection patterns 

(NAO, PNA, and ENSO) and seasonal snowfall shifts in the northeastern quarter of the United 

States from 1951-2012. Previous studies have shown the NAO to have a significant effect on 

precipitation in the Northeast (e.g., Hurrell, 1995), the PNA in the Ohio River Valley region 

(e.g., Coleman and Rogers, 2003), and ENSO across the entire Midwest (Smith et. al., 2001). 

However, these studies have not taken into account one or both of the following: (1) precipitation 

in the form of snowfall and (2) monthly shifts in action center locations impacting location of 

snowfall. Statistical and graphical analysis was performed to assess relationships between 

location of snowfall patterns and seasonal period, early (October, November, December), middle 

(December, January, February), and late (February, March, April) with respect to the 

aforementioned teleconnection patterns. The method for this study was largely based on Smith 

et. al. (2001) with modifications, such as longer study period and additional teleconnection 

patterns.  

3.1 Study Period and Region 

The study period is snowfall seasons from 1951 to 2012 (n=62) for the months October to 

April. Each season was divided into three periods, early (October, November, December), 

middle (December, January, February), and late (February, March, April) and snowfall totals for 

each period were found. While snowfall data and SOI data extends back into the late 1800s in 
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many situations, the analysis period was restricted by the availability of the NAO and PNA 

indices, which only extends back to January 1, 1950.  

The study region encompasses the northeastern quarter of the United States from 

Wisconsin and Illinois to Maine and from Virginia and Kentucky north (Figure 3.1). This region 

includes 99 stations (Appendix A), which were included based on location and completeness of 

data. The threshold for missing data was a minimum of 60 complete years of snowfall records. A 

snowfall year was discarded if that year was missing two or more consecutive months and if 

more than 2 years were discarded in the dataset the entire station was discarded from the 

analysis. The criteria provided sufficient spatial and temporal coverage over the study area.  

	  

Figure 3.2: Northeast quarter of the U.S. study region and station locations 
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3.2 Data 

3.2.1 Snowfall Data 

 Snowfall data were collected from the United States Historical Climatology Network 

(USHCN) from their website http://cdiac.ornl.gov/epubs/ndp/ushcn/ushcn.html (accessed 2013) 

for the years 1951-2012. USHCN snowfall data are measured as daily snowfall totals (in inches) 

at 1,218 locations across the United States. These locations include National Weather Service 

first order stations that take measurements every hour, as well as U.S. Cooperative Observing 

Networks run by volunteers, typically in rural locations, which take observations once per day.   

Daily snowfall totals were then aggregated into monthly snowfall totals for the typical snowfall 

winter season running from October 1 to April 30. In order to examine snowfall within season 

variability, each snowfall season was grouped into three, three-month overlapping periods. The 

groups are: early period, October, November, and December (OND); the middle period, 

December, January, and February (DJF); and the late period, February, March, and April (FMA). 

Although these three periods are not equal in number of total days, there is only a difference of 3 

days between the longest and shortest, which is not significant enough to change results 

substantially.   

 

3.2.2 North Atlantic Oscillation (NAO) and Pacific-North American (PNA) Indices 

 Monthly mean index values for NAO and PNA were collected from the Climatic 

Prediction Center (CPC) from their website www.cpc.ncep.noaa.gov/ (accessed 2013) for the 

snowfall seasons (October-April) from 1951-2012. Upon tabulation by the CPC the values for 

PNA and NAO were standardized using the 1981-2010 base period for monthly means and 

standard deviations. These index values were then averaged for each period during each snowfall 

year for the study period.  
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 Monthly (and daily) NAO and PNA values are determined by the CPC using rotated 

principal component analysis (RPCA), which is outlined by Barnston and Livezey (1987). RPCA 

is a type of principal component analysis (PCA) that can be applied to large data sets to 

understand variations and relationships in the dataset. PCA is a way to simplify a large and 

complex dataset by removing highly correlated variables so that the remaining variables can be 

easily analyzed, which allows for identification of teleconnection patterns when applied to 

atmospheric variable such as a geopotential height field. RPCA is similar to PCA in function but 

where the eigenvectors in PCA are orthogonal, in RPCA the eigenvectors are rotated such that 

the rotated eigenvectors point more closely to local clusters of data points in order to better 

represent real-world conditions.  

 When used to identify PNA and NAO teleconnection patterns, the CPC applies PCA to 

the 500 mb geopotential height field (standardized using the 1950-2000 base period for monthly 

means and standard deviations) across the northern hemisphere between 20°N-90°N. RPCA then 

rotates the eigenvectors from the PCA analysis to point to denser clusters of data points in order 

to indicated anomalies more efficiently. The 500 mb RPCA-derived index values were chosen for 

this study in order to more effectively rule out mesoscale meteorological phenomena which 

would have a substantial effect on index values which were based on station pressures.  

 Index values for NAO and PNA were averaged for each three-month period in order to 

determine positive and negative periods for both teleconnection patterns (Table 3.1a-b). Since the 

indices recorded by the CPC are normalized, with a mean of zero and a standard deviation of 

one, both NAO and PNA phase can be determined in the same fashion. Positive years are 

indicated by an index value greater than 0.5 and negative years are indicated by an index value 

less than -0.5. All years that fell between the -0.5 – 0.5 threshold were defined as neutral phase.  
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Table 3.1a: NAO positive and negative years by seasonal period.  

Postive	  Years Negative	  Years Postive	  Years Negative	  Years Postive	  Years Negative	  Years

1952 2011 1974 1953 1967 1951

1954 2010 1981 1955 1976 1952

1955 2006 1983 1956 1982 1953

1957 2003 1984 1958 1987 1955

1958 1998 1988 1959 1989 1956

1959 1997 1989 1960 1990 1957

1960 1996 1990 1963 1992 1958

1973 1982 1991 1964 1993 1960

1975 1974 1993 1965 1994 1961

1979 1971 1994 1966 1995 1962

1983 1969 1995 1968 1997 1963

1987 1964 1999 1969 2000 1964

1994 1961 2000 1970 2002 1965

1995 1956 2005 1971 2004 1966

2000 1953 2008 1977 2011 1968

2008 1951 2012 1978 2012 1969

2012 1979 1970

1985 1971

1987 1975

1996 1977

PNA	  Early PNA	  Middle PNA	  Late

 

Table 3.1b: PNA positive and negative years by seasonal period. 

Positive Years Negative Years Positive Years Negative Years Positive Years

1959 1969 1974 2010 1987 1951 1969

1975 2011 1990 1963 1995 1952 1970

2008 1998 1999 1964 1967 1953 1971

1995 2003 2008 1969 1976 1955 1975

1957 2010 1981 1979 2004 1956 1977

1955 1956 1988 1977 1993 1957 1978

1960 1996 1991 1960 2012 1958 1979

1973 1971 2005 1955 1997 1960 1983

1954 1953 1993 1978 1982 1961 1988

1958 1961 1983 1985 2000 1962 1996

2000 1997 1984 1966 1994 1963 2001

1983 1964 1994 1971 2002 1964 2005

1952 1974 2000 1965 2011 1965 2006

1994 1982 2012 2011 1992 1966 2010

1979 2006 1989 1996 1989 1968

2012 1995 1968 1990

1987 1958

1956

1970

1987

1959

1953

1998

Negative Years

NAO Early NAO Mid NAO Late
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3.2.3 El Niño/Southern Oscillation (ENSO) 

 El Niño/Southern Oscillation has a multitude of index values regularly used to determine 

phase, some of which are based on atmospheric pressures and others based on sea surface 

temperatures. The ENSO index used in this study is the Southern Oscillation Index (SOI) that 

was obtained from the National Climatic Data Center (NCDC) at their website 

https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi.php (accessed 2013). SOI was 

chosen for this study due to it being derived from air pressure, thus better aligning with the PNA 

and NAO indices that are also based on atmospheric variables. The SOI is derived from 

standardized atmospheric pressure changes between two locations in the central and western 

equatorial pacific, Tahiti, French Polynesia, and Darwin, Australia, respectively. The SOI is 

calculated as:  

SOI = 
(Standardized Tahiti - Standardized Darwin) 

MSD 

   
 
Where: 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑇𝑎ℎ𝑖𝑡𝑖 =   
(𝐴𝑐𝑡𝑢𝑎𝑙  𝑇𝑎ℎ𝑖𝑡𝑖  𝑆𝐿𝑃 −𝑀𝑒𝑎𝑛  𝑇𝑎ℎ𝑖𝑡𝑖  𝑆𝐿𝑃)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑇𝑎ℎ𝑖𝑡𝑖  

𝑆𝑡𝑎𝑛𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑇𝑎ℎ𝑖𝑡𝑖 = 𝑎𝑐𝑡𝑢𝑎𝑙  𝑇𝑎ℎ𝑖𝑡𝑖  𝑆𝐿𝑃 −𝑚𝑒𝑎𝑛  𝑇𝑎ℎ𝑖𝑡𝑖  𝑆𝐿𝑃 !/𝑁 

where: 

N = number of months 
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And 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝐷𝑎𝑟𝑤𝑖𝑛 =   
(𝐴𝑐𝑡𝑢𝑎𝑙  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃 −𝑀𝑒𝑎𝑛  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝐷𝑎𝑟𝑤𝑖𝑛  

𝑆𝑡𝑎𝑛𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑇𝑎ℎ𝑖𝑡𝑖 = 𝑎𝑐𝑡𝑢𝑎𝑙  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃 −𝑚𝑒𝑎𝑛  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃 !/𝑁 

 

where: 

N = number of months 

And 

𝑀𝑆𝐷 = 𝑀𝑜𝑛𝑡ℎ𝑙𝑦  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

= ( 𝑎𝑐𝑡𝑢𝑎𝑙  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃 −𝑚𝑒𝑎𝑛  𝐷𝑎𝑟𝑤𝑖𝑛  𝑆𝐿𝑃 !/𝑁 

  where: 

  N= number of months 

Equation 3.1: NCDC method of calculating SOI. 

  

SOI values were averaged for each seasonal period for each year in order to determine 

SOI positive and negative periods (Table 3.2). Since the SOI values are normalized, with a mean 

of zero and a standard deviation of one, positive periods were defined as above a value of 0.5 and 

negative periods were defined by a value below -0.5. Additionally, periods that fall between -0.5 

– 0.5 are defined as neutral.  
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Positive	  Years Negative	  Years Positive	  Years Negative	  Years Positive	  Years Negative	  Years
1955 1952 1955 1952 1955 1978
1956 1964 1956 1958 1956 1981
1957 1966 1957 1959 1960 1983
1960 1973 1962 1964 1963 1987
1962 1978 1963 1969 1964 1990
1963 1983 1967 1970 1967 1992
1971 1987 1971 1973 1971 1993
1972 1992 1972 1978 1972 1994
1974 1993 1974 1983 1974 1998
1976 1995 1976 1987 1975 2005
1989 1998 1982 1990 1976
1999 2003 1989 1992 1985
2000 2005 1997 1993 1989
2001 2007 1999 1995 1996
2008 2010 2000 1998 1999
2009 2001 2003 2000
2011 2006 2005 2001
2012 2008 2010 2006

2009 2008
2011 2009
2012 2011

ENSO	  Early ENSO	  Middle ENSO	  Late

 

Table 3.2: SOI positive and negative years by seasonal period. 

3.3 Methodological Approach 

 Through the use of observational analysis and statistical techniques, this study examined 

the spatiotemporal impacts of PNA, NAO, and ENSO on snowfall in the northeast quarter of the 

United States. The relationship between each teleconnection pattern and snowfall was first 

evaluated through the visual examination of boxplots, through which trends for each station were 

assessed, whether the most snowfall occurred during the negative, neutral, or positive phase of 

each pattern These patterns were then plotted through the use of ArcGIS software to examine 

observable trends in snowfall between positive and negative phases and seasonal periods. The 

differences between positive and negative phases were then evaluated through the use of the 
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Mann-Whitney U nonparametric test. Stations that exhibited statistical significance were then 

plotted through the use of ArcGIS software in order to attempt to create generalized regions of 

similar responses to each teleconnection pattern.  

3.3.1 Observational Analysis 

 Through the visual examination of boxplots the phase with the highest median of 

snowfall for each period at each station was assessed. Median was chosen because it more 

accurately reflects normal snowfall totals, whereas mean can be skewed by a small number of 

outliers.  Snowfall totals were tabulated for each period for every year at a given station. 

Additionally, the average teleconnection index value was found for each period of every year. 

Each period of every year was defined as negative, neutral, or positive. Boxplots were then 

created based on the phase of each teleconnection pattern (Figure 3.2a-c). Through the 

examination of the median snowfall value (quartile 2), if a station showed the highest median 

snowfall occurred during a negative (Figure 3.2a) positive (Figure 3.2b), or neutral (Figure 3.2c)) 

phase, the station was classified as negative, positive, or neutral respectively. Upon classification 

of each station for each period, the stations were plotted through the use of ArcGIS spatial 

software based on the classification observed from boxplots. 
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a.  

b.  

c.  
Figure 3.2: Example boxplots showing a (a) negative station, (b) positive station, and (c) neutral 
station, from the middle period with ENSO as a delineator.  
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3.2.2 Statistical Analysis 

 A statistical analysis was performed for the entire dataset using the Mann-Whitney U test, 

which is a non-parametric alternative to the traditional t-test, in order to determine if there was a 

statistically significant difference in snowfall between extreme phases of NAO, PNA, and ENSO 

for each period. The Mann-Whitney U test first ranks the data in ascending order and calculates 

the mean rank for comparison between two variables. The variables for this study were snowfall 

totals, the dependent variable, and phase of each teleconnection pattern, the independent 

variable. In order to perform this test, teleconnection phase was redefined so that any index value 

below -0.5 became negative (-1), any index value above 0.5 became positive (1), and any index 

value that fell between -0.5 – 0.5 became neutral (0). Due to the previous observational analysis, 

a one-tailed (directional) test could be performed as the trend in snowfall, which is either more 

snowfall during negative phase or more snowfall during positive phase, was established. The 

Mann-Whitney U test states that the null hypothesis (Ho) is that the mean ranks of each group are 

the same (δ1=δ2) and the alternate hypothesis (Ha) states that the mean ranks of each group are 

different (δ1≠δ2, δ1>δ2 , δ1<δ2 ). For this study, the null hypothesis states that positive and 

negative phase snowfall are the same (δ1=δ2) and the alternate hypothesis is that negative 

(positive) phase has greater snowfall totals and the positive (negative) phase has lower snowfall 

totals (δ1>δ2). The Mann-Whitney U test calculates a U value in order to calculate a Z score. The 

scores from the test were then evaluated at the 95% confidence level in order to make a decision 

to reject or retain the null hypothesis. The 95% confidence level was chosen in order to retain a 

high level of statistical significance which is a commonly used level in many studies (e.g., Smith 

and O’Brien, 2001; Mo, 2010; Leathers et. al., 1991). The Mann-Whitney U test was computed 

using the following equations:  
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𝑈! = 𝑅! −
𝑛!
2 − (𝑛! + 1) 

𝑈! = 𝑅! −
𝑛!
2 − (𝑛! + 1) 

where: 

 n1= number of observations in group 1 

 n2= number of observations in group 2 

 R1= sum of ranks in group 1 

 R2= sum of ranks in group 2 

Equation 3.2: Mann-Whitney U test equations (Wilks, 2011) 
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IV. RESULTS 

 

 

 An analysis of the data was performed for a total of 99 stations based on three separate 

but overlapping snowfall periods during each snowfall season from 1951-2012 and the indices of 

NAO, PNA, and ENSO (SOI). First, a visual analysis of boxplots was performed in order to 

track changes in position of snowfall response to each teleconnection pattern and period of 

snowfall. Then the Mann-Whitney U test was performed on each station to test for a statistically 

significant difference in snowfall between the positive and negative phase for each 

teleconnection pattern during each period. The boxplot patterns and Mann-Whitney U results are 

presented here. 

4.1 Observational Analysis 

 After a visual inspection of boxplot medians to determine the phase with the most 

snowfall, stations were given the following labels: positive, if the positive phase had the highest 

median snowfall; negative, if the negative phase had the highest median snowfall; or neutral, if 

the neutral phase had the highest median snowfall. After inspecting the boxplots for each 

teleconnection phase pattern for each period for all 99 stations, the labeled stations were then 

plotted in ArcGIS. The goal was to determine spatiotemporal relationships between 

teleconnection patterns and different periods of the typical snowfall season.  
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 4.1.1 ENSO Early Period  

 After a visual examination of boxplots for each station for snowfall in the early period 

(OND), a total of 34 stations showed that ENSO positive years had highest median snowfall 

totals, 13 stations showed that ENSO negative had highest median snowfall totals, and the 

remaining 52 stations showed that neutral phase had the highest median snowfall totals (Figure 

4.1). The early period ENSO shows little spatial relationship between positive and negative 

phases. Throughout most of the study area stations with highest median snowfall during positive 

phases are intermixed with stations with highest median snowfall during negative phases. 

Furthermore, a majority of stations show that neutral phase has the highest median snowfall, 

which indicates that ENSO positive and negative phases have little or no observable effect on the 

study area during the early period of each snowfall season. This could possibly be due to the 

relatively weak average index value during the early period for both positive and negative 

phases, 1.12 for positive phase and -0.95 for negative phase, when compared to the middle 

(1.25/-1.18 averages) and late (1.17/-1.16 averages) periods which show ENSO as having a 

greater influence. Additionally, neutral years dominate the total amount of years, with 29 neutral 

years for the early period where negative years total 15 and positive years total 18. 	  
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Figure 4.1:  ENSO Early Period (OND): Red (blue) pentagons indicate a station where ENSO 
positive (negative) median snowfall is highest. Small green pentagons indicate a station where 
ENSO neutral median snowfall is highest. Four example boxplots are shown to highlight positive 
(a-b) and negative (c-d) patterns. Neutral stations were not of direct interest to this study thus the 
symbols are insignificant. 
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4.1.2 ENSO Middle Period 

 During the middle period (DJF), a total of 43 stations showed that median snowfall was 

highest during ENSO positive phase, a total of 32 stations showed that median snowfall was 

highest during ENSO negative phase, and the remaining 24 stations showed that median snowfall 

was highest during ENSO neutral phase (Figure 4.2). During the middle period, stations with 

high median snowfall during positive phase are generally grouped in the western part of the 

study region where as stations with high median snowfall during negative phase are generally 

grouped in the eastern region of the study area. Stations with high median snowfall totals during 

positive years correspond to the placement of the typical polar jet stream trough axis during 

ENSO positive years. During these time periods the polar jet stream becomes highly meridional 

with its trough axis generally located over Lake Michigan (Smith et. al., 1998). This position of 

the jet stream would allow for colder temperatures and a higher likelihood for precipitation 

falling as snow for areas north of the polar jet stream, where locations south of the jet stream 

would be warmer and precipitation would be more likely to fall as liquid.  

Conversely, stations with high median snowfall during ENSO negative, which are 

grouped in the eastern portion of the study area, can be explained by typical temperature shifts 

during ENSO negative events. During ENSO negative time periods, the east coast typically 

experiences colder than average temperatures but has no significant shift in precipitation 

amounts (Leathers et. al., 1991). The colder temperatures would allow for precipitation to have a 

greater chance to fall as snow allowing for the eastern region of the study area to experience 

higher median snowfall totals during ENSO negative times.  
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Figure 4.2:  ENSO Middle Period (DJF): same as figure 4.1.  
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4.1.3 ENSO Late Period 

 During the late period (FMA) there were 63 stations that were observed to have the 

highest median snowfall during ENSO positive years, 21 stations were observed to have the 

highest median snowfall during ENSO negative years, and 15 stations were observed to have the 

highest median snowfall during ENSO neutral years (Figure 4.3). The distribution of stations is 

similar to that of the distribution from the ENSO middle period, stations with highest medians 

during positive phase years are largely grouped in the western portion of the study area and 

stations with highest median snowfall during negative years in the eastern portion of the study 

area. It appears that during ENSO positive events in the late period (FMA) that the trough that is 

typical over the Midwest, which was similarly observed in relation to snowfall totals during the 

middle period (DJF), deepened slightly, to include stations in southern Indiana and Ohio as well 

as stations in Kentucky as well as moved slightly to west to include stations in eastern Ohio, and 

western Pennsylvania and New York (Figure 4.4). Additionally, stations with highest median 

snowfall during negative years are clustered in a region, West Virginia, Virginia, and 

southeastern Pennsylvania, that is typically found to have lower temperatures during ENSO 

negative periods, leading to a potential increase in snowfall over liquid precipitation. 
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Figure 4.3:  ENSO Late Period (FMA): same as figure 4.1 
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Figure 4.4: Typical locations of the polar and Pacific jet stream during El Nino (negative phase) 
and La Nina (positive phase) (CPC, 2014). 
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4.1.4 NAO Early Period 

 During the early period (OND) there were a total of 5 stations that had the highest median 

snowfall during NAO positive years, 73 stations that had the highest median snowfall during 

NAO negative years, and 19 stations that had the highest median snowfall during NAO neutral 

years (Figure 4.5). The majority of stations had the highest median snowfall occur during 

negative years and was spread across the southern and eastern portions of the study area while 

stations that had the highest median snowfall during neutral years had the largest concentration 

in Michigan and Wisconsin. The distribution of stations with high median snowfalls during 

negative years can be explained by the position of the trough during NAO negative events. 

Typically, during those periods a trough in the polar jet stream sets up over the eastern U.S. with 

the trough axis in the vicinity of the eastern seaboard (Luo and Cha, 2012). When this occurs 

temperatures decrease to the north of the polar jet stream and allows for widespread overrunning. 

When warm moist air from the Atlantic Ocean and the Gulf of Mexico is forced aloft over cold 

air, precipitation generally falls over a wide area. Due to the lower temperatures the precipitation 

that falls will likely fall as snow, leading to the increased snowfall totals during NAO negative 

time periods. The trough is largely over the east coast of the U.S. such that in the western region 

of the study area (Figure 4.6), i.e. Wisconsin, would likely fall south of the ridge associated with 

the aforementioned trough such that it is not expected to see high snowfall totals during NAO 

negative time periods for these stations. Furthermore, states which are fairly far removed from 

the bottom of the trough, i.e. Michigan, would not be influenced by the overrunning which 

increases snowfall during NAO negative years for most of the stations in the study area. 	  
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Figure 4.5:  NAO Early Period (OND): same as figure 4.1.  
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a)        b) 

	  

Figure 4.6: NAO Phases and typical jet stream positions (NOAA, 2014); a) NAO Negative 
Phase, b) NAO Positive Phase 
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4.1.5 NAO Middle Period 

During the middle period there were a total of 12 stations that had the highest median 

snowfall during NAO positive years, 70 stations that had the highest median snowfall during 

NAO negative years, and 17 stations that had the highest median snowfall during NAO neutral 

years (Figure 4.7). The distribution of stations with highest median snowfall during NAO 

negative years is very similar to the distribution of similar stations in the early period. The 

majority of the stations in the southern and eastern areas of the study region have the highest 

median snowfall during negative years and stations that have the highest median snowfall during 

positive years or neutral years show up more frequently in Great Lakes states, although the 

concentration is fairly small, consisting of only 12 stations. Stations with highest median 

snowfall during negative years are pushed south during the middle period vs. the early period 

due to the relative strength of NAO during the months of December, January, and February when 

NAO negative is typically at its strongest. Compared to the early period, which had an average 

index value of -0.85 for all NAO negative years in the early period, the middle period had 

generally stronger negative index values, which had an average index value of -1.16 for all NAO 

negative years in the middle period. The stronger negative NAO index value would push the 

trough that sets up over the eastern U.S. further south (Luo and Cha, 2012). Which leads to fewer 

stations in the northern portion of the study area that show high median snowfalls during 

negative years and more stations that show increases in median snowfall during positive and 

neutral years because these stations are far enough away from the base of the trough to not be 

subject to increased precipitation due to overrunning (Woolings and Blackburn, 2012). 
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Figure 4.7:  NAO Middle Period (DJF): Same as figure 4.1. 
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4.1.6 NAO Late Period 

 During the late period (FMA) a total of 16 stations had the highest median snowfall 

during NAO positive years, 65 stations had the highest median snowfall during NAO negative 

years, and 18 stations had the highest median snowfall during NAO neutral years (Figure 4.8). 

During the late period the distribution of stations is similar to that of the distribution of the early 

and middle periods, most resembling the early period. Stations that had the highest median 

snowfall during positive years are largely clustered in the northern regions of the study area, 

Northern New York, Michigan, and Wisconsin, where stations that had the highest median 

snowfall during negative phases, are located in the southern and eastern regions of the study 

area. Stations that are down wind of the lakes Erie and Ontario experience higher snowfall totals 

during NAO positive phases because during NAO positive phases the northeast generally 

experiences warmer temperatures and a zonal upper-level flow. The warmer temperatures would 

allow the Eastern Great Lakes to remain unfrozen and the zonal upper-level flow allows for the 

highest amount of fetch leading to increased snowfall totals caused by lake effect snow during 

this time. During negative years a trough sets up over the eastern U.S., which brings colder 

temperatures and causes overrunning for much of the study area. However, areas to the north are 

further from the base of the trough, decreasing the chance for being impacted by overrunning and 

cause those stations to have the highest median snowfalls during neutral and positive years. 

Additionally, the average strength of NAO for all negative years decreased from middle to late 

period. Where the average index value of negative years during the middle period was -1.16, the 

average index value for negative years during the late period was -0.90, which is similar to the 
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average NAO index value for negative years from the early period, -0.85. Due to the similarities 

in strength of negative phase between early and late periods the distribution of stations with high 

median snowfall during negative years and the southern extent of stations with high median 

snowfall during positive years are similar. 	  
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Figure 4.8:  NAO Late Period (FMA): same as figure 4.1. 
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4.1.7 PNA Early Period 

 During the early period (OND) a total of 57 stations had the highest median snowfall 

during PNA positive years, 30 stations had the highest median snowfall during negative years, 9 

stations had the highest median snowfall during neutral years, and 3 stations had no difference in 

median snowfalls between positive, negative, and neutral phases (Figure 4.9). Stations with 

highest median snowfall during positive phase years are spread throughout the study area where 

stations with highest median snowfall during negative phase years have the largest concentration 

in the northwest (Wisconsin and Michigan). Although this pattern is visible, the presence of 

stations with high median snowfalls during negative phase years throughout the study area 

prevent making distinct judgments based on snowfall variability between positive and negative 

phases.  
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Figure 4.9:  PNA Early Period (OND): same as figure 4.1. 
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4.1.8 PNA Middle Period 

 During the middle period (DJF) a total of 23 stations had the highest median snowfall 

during PNA positive phase years, 43 stations had the highest median snowfall during negative 

phase years, and 33 stations had the highest median snowfall during neutral phase years (Figure 

4.10). Stations with high median snowfall during negative phase years are generally concentrated 

in the Ohio River Valley (Ohio, Indiana, and Kentucky) and in the far northeast corner (Maine, 

New Hampshire, and Vermont) of the study area. Typically, precipitation totals are highest 

during PNA negative years in the Ohio River valley due to a trough that sets up in the eastern 

U.S. which brings lower temperatures to the north of the jet stream and increases the frequency 

of mid-latitude cyclones in the area (Figure 4.11) (Coleman and Rogers, 2003). In relation to 

snowfall, the lower temperatures cause the precipitation that occurs in the region to fall as snow 

over liquid. Additionally, overrunning warm and moist air from the Atlantic Ocean and Gulf of 

Mexico increases snowfall in the Ohio River Valley, whereas the stations in the Northeast that 

have highest snowfall during negative phase years are impacted by the northward turn of the jet 

stream after the trough base over the Ohio River Valley. Stations located in Pennsylvania and 

New York are far enough south where the temperature is not conducive for snowfall while 

stations in New Hampshire, Maine, and Vermont are far enough north for the temperature to be 

more appropriate for snowfall. 	  
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Figure 4.10:  PNA Middle Period (DJF): same as figure 4.1. 
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Figure 4.11: Average flow patterns at 700 mb over the U.S. for PNA negative (dashed line), PNA 
Positive (solid black line), and the mean (grey line)	  (Leathers et. al., 1991)	  
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4.1.9 PNA Late Period  

 During the late period (FMA) a total of 22 stations highest median snowfall occurred 

during PNA positive phase years, 53 stations highest median snowfall occurred during PNA 

negative phase years, and 24 stations highest median snowfall occurred during PNA neutral 

phase years (Figure 4.12). During this time stations that had highest median snowfall during 

negative years are grouped in the northwestern and northern regions of the study area and 

stations that had highest median snowfall during positive phase years are grouped in the 

southeastern region, on the lee side of the Appalachian Mountains, along the Atlantic coast. 

Similar to the middle period, during negative phase periods, a trough sets up over the midwest 

with its base near the Ohio River Valley. The cold air brought in by the trough increases 

overrunning in the area and increases snowfall. Additionally, the region to the east of the base of 

the trough is typically a region which produces mid-latitude cyclones, which is located over 

northern New York, Vermont, New Hampshire and Maine. Stations that have their highest 

median snowfall during positive phases are a product of more frequent cold air damming events. 

When a high pressure system sets up over the northern Atlantic, the system would advect cold 

air into the region on the lee side of the Appalachians. Along with the zonal nature of the jet 

stream, that brings warm moist air across the U.S. from the Pacific Ocean and Gulf of Mexico, 

forces warm air over the Appalachians and aloft over the cold air brought in from the north 

Atlantic and increases snowfall for the aforementioned stations (Ahrens, 2006).  
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Figure 4.12:  PNA Late Period (FMA): same as figure 4.1. 
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4.2 Statistical Analysis 

 After observing trends in median snowfall, a one-tailed Mann-Whitney U test was 

performed to determine if snowfall during positive phase differed significantly from snowfall 

during the negative phase of each teleconnection pattern. A one-tailed test was used because the 

observational analysis determined which phase of each teleconnection pattern had the most 

snowfall. Using SPSS a Z-score and associated p-value for each station was calculated. Stations 

were then plotted in order to create regions of significant snowfall shifts between positive and 

negative phases.  

4.2.1 ENSO Early Period 

 During the early period a total of 34 stations were observed to have the highest median 

snowfall during ENSO positive phase; of these stations, 2 showed that snowfall was significantly 

higher during positive phase at a confidence level of 95%. These two stations are Pineville, WV 

and Gardiner, ME. Additionally, while a total of 13 stations were observed to have the highest 

median snowfall during negative phase years, none of these stations showed a significant shift in 

snowfall at a 95% confidence level. 

	  

4.2.2 ENSO Middle Period 

 During the middle period a total of 43 stations were observed to have the highest median 

snowfall during ENSO positive phase; of these stations 12 showed that snowfall was 

significantly higher during positive phase at a confidence level of 95%. Additionally, there was a 

total of 32 stations that were observed to have the highest median snowfall totals during ENSO 

negative phase years and of these stations 16 showed that snowfall was significantly higher 



59	  
	  

during negative phase at a confidence level of 95%. Stations with significant shifts in snowfall 

are generally grouped in the northeast of the study area, in Pennsylvania and New Jersey and 

north to Maine. Although there is a large grouping of stations with significant shifts in snowfall, 

the stations cannot be made into a coherent grouping as there are stations with highest median 

snowfall during negative phase intermixed with stations with highest median snowfall during 

positive phase years (Figure 4.13).  

	  

Figure 4.13:	  ENSO Middle Period (DJF): Red (blue) pentagons indicate a station where ENSO 
positive (negative) median snowfall is highest. Small green pentagons indicate a station where 
ENSO neutral median snowfall is highest.  Pentagons with a white star have a statistically 
significant difference (p < 0.05) in snowfall between positive and negative phases. 
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4.2.3 ENSO Late Period 

 During the late period a total of 63 stations were observed to have the highest median 

snowfall during ENSO positive phase; of these stations 14 showed that snowfall was 

significantly higher during positive phase at a confidence level of 95%. Additionally, there was a 

total of 21 stations that were observed to have the highest median snowfall totals during ENSO 

negative phase years and of these stations, one showed that snowfall was significantly higher 

during negative phase at a confidence level of 95%. While the study area is largely dominated by 

stations that show highest median snowfall during ENSO positive phase years, the placement of 

stations with a significant shift in snowfall between positive and negative phases were randomly 

dispersed throughout, thus not allowing for coherent regions of significantly more snowfall 

during positive years possible. Additionally, one station which shows significantly higher 

snowfall during negative phase, Dale Enterprise, VA, does not constitute a coherent region of 

increased snowfall (Figure 4.14).  
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Figure 4.14: ENSO Late Period (FMA): same as figure 4.13. 

 

 

4.2.4 NAO Early Period 

 During the early period a total of five stations were observed to have the highest median 

snowfall during NAO positive phase; of these stations, none showed that snowfall was 

significantly higher during positive phase at a confidence level of 95%. Additionally, there was a 

total of 73 stations that were observed to have the highest median snowfall totals during NAO 

negative phase years and of these stations 36 showed that snowfall was significantly higher 

during negative phase at a confidence level of 95% (Figure 4.15). Stations which had 

significantly higher snowfall during NAO negative phase years have two main areas of 
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occurrence. The first includes the states of Illinois and Indiana, and the second extends from 

Virginia and West Virginia north along the eastern seaboard into central New York and 

Massachusetts. Although these two regions have the highest concentrations of stations which 

showed significance, attempts to make a coherent region would fail due to the intermix of 

stations that do not have highest median snowfall during this period as well as stations that do 

not show significant shifts in snowfall.  

	  

Figure 4.15: NAO Early Period (OND): same as figure 4.13. 
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4.2.5 NAO Middle Period 

 During the middle period a total of 12 stations were observed to have the highest median 

snowfall during NAO positive phase; of these stations, three showed that snowfall was 

significantly higher during positive phase at a confidence level of 95%. Additionally, there were 

a total of 70 stations that were observed to have the highest median snowfall totals during NAO 

negative phase years and of these stations 16 showed that snowfall was significantly higher 

during negative phase at a confidence level of 95% (Figure 4.16). The largest concentration of 

stations showing highest snowfall during negative phase years with significance is along the 

eastern seaboard from Virginia northward to Maine. Although this region has the highest 

concentrations of stations which showed significance, attempts to make a coherent region would 

fail due to the intermix of stations that do not have highest median snowfall during this period as 

well as stations that do not show significant shifts in snowfall.  
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Figure 4.16: NAO Middle Period (DJF): same as figure 4.13. 

 

4.2.6 NAO Late Period 

 During the late period a total of 16 stations were observed to have the highest median 

snowfall during NAO positive phase; of these stations, one showed that snowfall was 

significantly higher during positive phase at a confidence level of 95%. Additionally, there were 

a total of 65 stations that were observed to have the highest median snowfall totals during NAO 

negative phase years and of these stations 11 showed that snowfall were significantly higher 

during negative phase at a confidence level of 95% (Figure 4.17). During this period the total 

number of stations that showed significant shifts in snowfall between positive and negative 

phase were so low that the groupings that did occur, one in Indiana/Illinois consisting of three 
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stations, and the second in Vermont/Maine, are not large enough to create a meaningful 

groupings, as well as having stations that did not show significance intermixed in the area.  

	  

Figure 4.17: NAO Late Period (FMA): same as figure 4.13. 
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4.2.7 PNA Early Period 

 During the early period a total of 57 stations were observed to have the highest median 

snowfall during PNA positive phase; of these stations six showed that snowfall was significantly 

higher during positive phase at a confidence level of 95%. Additionally, there were a total of 30 

stations that were observed to have the highest median snowfall totals during PNA negative 

phase years and of these stations 12 showed that snowfall was significantly higher during 

negative phase at a confidence level of 95% (Figure 4.18). The largest grouping of stations with 

a significant shift in snowfall can be observed in the northwest region of the study area, 

Wisconsin and Michigan. This grouping cannot be made into a coherent region of increased 

snowfall during the negative phase due to stations that do not show significantly higher snowfall 

during the negative phase being intermixed into the grouping. Additionally, the northeast region 

of the study area, Vermont, New Hampshire, and Maine, shows a grouping of stations which 

have significant shifts between negative and positive phases. However, these stations do not 

exhibit the same pattern of increased snowfall and thus cannot be grouped into a coherent region 

of snowfall shifts in response to PNA phase. 
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Figure 4.18: PNA Early Period (OND): same as figure 4.13. 

 

4.2.8 PNA Middle Period 

During the middle period a total of 23 stations were observed to have the highest median 

snowfall during PNA positive phase; of these stations, 12 showed that snowfall was significantly 

higher during positive phase at a confidence level of 95%. Additionally, there were a total of 43 

stations that were observed to have the highest median snowfall totals during PNA negative 

phase years and of these stations two showed that snowfall were significantly higher during 

negative phase at a confidence level of 95% (Figure 4.19). The largest grouping of stations 

which showed a statistically significant shift in snowfall between positive and negative phases 
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are located in the northeast portion of the study area, eastern Vermont, New Hampshire, and 

southern Maine. The location of these stations correlates with areas of high elevation, and could 

see increased snowfall totals due to orographic effects. This grouping of 6 stations in which PNA 

negative phase has higher median snowfall totals is too small and intermixed with stations that 

do not have the same pattern of snowfall in order to create a coherent region of stations that shift 

in response to PNA phase.  

	  

Figure 4.19:	   PNA Middle Period (DJF): same as figure 4.13. 
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4.2.9 PNA Late Period 

During the late period a total of 22 stations were observed to have the highest median snowfall 

during PNA positive phase; of these stations, three showed that snowfall was significantly higher 

during positive phase at a confidence level of 95%. Additionally, there were a total of 53 stations 

that were observed to have the highest median snowfall totals during PNA negative phase years, 

of these stations 11 showed that snowfall was significantly higher during negative phase at a 

confidence level of 95% (Figure 4.20). During this period the largest grouping of stations with 

significantly higher snowfall totals during negative phase occurs in Michigan, and Northern 

Ohio and Indiana. This grouping is intermixed and contains too few stations to create a coherent 

region of snowfall response to PNA phase.  
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Figure 4.20: PNA Late Period (FMA): same as figure 4.13. 

 

The observational analysis revealed that, typically, SOI negative phase increased 

snowfall in the eastern regions of the study area, where SOI positive phase increased snowfall in 

the western regions of the study area. It also showed NAO negative was dominant, with 

increased snowfall in a majority of the study area during every period with NAO positive having 

a minimal observational impact on increased snowfall in the northwest region of the study area. 

Finally, the observational analysis revealed PNA negative was first observed increasing snowfall 

in the western region of the study area during the early period and moving east through 

subsequent periods. The results of the Mann-Whitney U test for a significant shift in snowfall 

were largely inconsistent from station to station, which did not allow for the creation of regions 

of increased snowfall in response to teleconnection pattern phase. 
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V. CONCLUSIONS 

 

 The focus of this study was to examine the spatiotemporal relationship between snowfall 

and three teleconnection patterns, ENSO, NAO, and PNA, at different periods of the typical 

snowfall season (October to April) from 1951-2012. Where many previous studies only 

examined the typical snowfall season as a single unit, this study focused on the movement of 

teleconnection pattern action centers and the impact of this movement on snowfall distributions 

in the northeastern United States during extreme phases of each pattern. Additionally, many 

previous studies examined winter precipitation as liquid equivalents, due to their examination of 

all precipitation, whereas this study examined only snowfall totals in relation to the 

aforementioned teleconnection patterns. This study provided insight into observable shifts in 

snowfall distribution between the negative and positive phase of ENSO, NAO, and PNA. In 

order to determine the significance of the observable shifts, first an observational analysis was 

performed to determine the relationship between snowfall and teleconnection pattern phase, e.g. 

whether a station had highest median snowfall during negative, positive, or neutral phase. 

Secondly, a statistical analysis was performed to determine if the shift in snowfall between 

positive and negative phase was statistically significant (at the α=0.05 level).  

 The phase in which the highest median snowfall occurred was determined through the 

visual examination of boxplots via the median value (quartile 2). If a station had the highest 

median snowfall during negative phase it was labeled “negative”, if highest median snowfall 

occurred during the positive phase it was labeled “positive”, and if highest median snowfall 

occurred during neutral phase it was labels “neutral”. This process was repeated for every 

station, during each, early, middle, and late periods, across all three teleconnection patterns. The 
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stations were then plotted through the use of ArcGIS according to their label, period, and 

teleconnection pattern, at which point the stations which had higher median snowfall totals 

during positive or negative phase periods were evaluated for significant shifts in snowfall 

between those two phases using the Mann-Whitney U test. Stations which showed significantly 

higher snowfall totals during positive (negative) phase were plotted through the use of ArcGIS 

for analysis.  

5.1 El Niño/Southern Oscillation 

 Through the observational analysis for ENSO an eastward movement of stations with 

high median snowfall during positive phase was observed. During the early period there was no 

coherent grouping of stations. However during the middle period the western half of the study 

area was dominated by stations which had the highest median snowfall during ENSO positive 

phase, while the eastern half was largely dominated by stations which had highest median 

snowfall during ENSO negative phase. Finally, during the late period the extent of stations with 

high median snowfall during positive phase periods shifts further east while stations with high 

median snowfall during negative years shifts further east and south. This shift to the east of 

stations shows that during ENSO positive years the trough that dominates the eastern U.S. shifts 

to the east from the middle-to-late period and possibly exerts a stronger influence on snowfall 

than ENSO negative. Although shifts in snowfall were able to be observed with respect to ENSO 

phase, when the Mann-Whitney U test was applied to these stations to test if the shift in snowfall 

between negative and positive phases was significant, the results were largely inconclusive. Only 

a small number of stations which had observed shifts in snowfall were statistically significant at 

the 95% confidence level. Hence, while some distinctive regional snowfall patterns occur in 
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relation to ENSO, consistent ENSO-snowfall amount relationships are difficult to define and 

predict.  

5.2 North Atlantic Oscillation 

 The observational analysis of NAO revealed that the negative phase dominated the study 

area. During negative phases increased snowfall amounts were observed over a majority of the 

stations for all three periods. These stations were generally in the southern and eastern states 

while stations with high median snowfall during positive of neutral phases were in the northwest. 

During the middle period the grouping of stations with high median snowfall during positive and 

negative phases moved slightly south into the central region of the study area and retreated 

further north during the late period. When the statistical analysis was performed for all stations 

only a small number of stations showed a significant shift in snowfall between positive and 

negative phases at the 95% confidence level. Even though observations showed coherent 

distributions of snowfall shifts in snowfall totals between negative and positive phase are not 

great enough to warrant significant increases in snowfall during any phase.  

5.3 Pacific-North American 

 The observational analysis of PNA through the early and middle period was rather 

inconsistent; however groupings of high median snowfall during negative phase in the Ohio 

River Valley were present. During the late period stations with high median snowfall were 

largely grouped in the western region and stations with high median snowfall during positive 

phase were largely grouped along the east coast. When the statistical analysis was applied to 

these stations across all periods the number of stations which showed a significant shift in 

snowfall was minimal. Any coherent groupings that could have been created were hindered by 
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stations that did not follow the same pattern or stations that did not show a significant shift in 

snowfall. Consequently regional snowfall patterns in relation to PNA are not definitive.  

5.4 Discussion and Future Research 

 Although for most periods ENSO, NAO, and PNA had observable shifts in snowfall 

totals between positive and negative phase and between periods, the statistical analysis of these 

shifts generally did not produce significant differences. The majority of the stations in this study 

did not show a significant shift in snowfall and those that did largely shared no coherent spatial 

relationship. Many previous studies (e.g., Smith and O’Brien, 2001; Coleman and Rogers, 2003; 

Durkee et. al., 2007) have shown relationships between winter precipitation and these 

teleconnection patterns but used liquid equivalents as a measurement method. Snowfall totals 

can be impacted by the environment in which snow forms. Liquid equivalent can be anywhere 

from 3 inches of snow to 100 inches of snow for every 1 inch of liquid precipitation (Roebber et. 

al., 2003). This range in snow to liquid water equivalent can be largely attributed to variables 

such as cloud and surface temperature. Where liquid equivalents shift more reliably in response 

to changing teleconnection phases, snowfall is more sensitive to varying atmospheric conditions. 

Therefore the use of only one variable, a teleconnection index value, is insufficient for predicting 

snowfall totals for a meaningful region. Future research should examine large scale snow 

formation conditions in addition to teleconnection pattern indices. This would allow for 

potentially significant and more reliable results. 

 The analysis could also have been hindered by interference from each of the examined 

teleconnection patterns. Each teleconnection pattern phase changes the upper-level flow patterns 

across the U.S. in different ways. During ENSO negative, PNA negative, and NAO positive 

phase periods the upper-level flow pattern across the U.S. is typically a zonal pattern. During 
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ENSO positive, PNA positive, and NAO negative phase periods the upper-level flow pattern 

across the U.S. is typically a meridional pattern, though placement differences do exist 

depending on strength of each individual teleconnection pattern. When the teleconnection 

patterns were examined in conjunction with one another very few years had phases that would 

change the upper-level flow pattern in similar fashions. During the early period only three years 

matched across all teleconnection patterns, two of which had all three teleconnection patterns in 

neutral phase and one year in such a phase that would elicit a zonal pattern across the U.S. 

During the middle period no years matched across all teleconnection patterns. Finally, during the 

late period, two years matched across all three teleconnection patterns, one year had all three 

teleconnection patterns in neutral phase and the other had all three patterns in such a phase that 

would elicit a zonal pattern. Future research might benefit from examining a combination of 

these teleconnection patterns. However, the way in which teleconnection pattern phase was 

compared in this study would not work for future research due so few years being similar. A 

different method of identifying a combination phase must be employed.  

 Splitting snowfall years into three periods, though this method showed results in the 

observational analysis, could have potentially been too short to truly understand the response of 

snowfall to phase change. Previous research used total seasonal snowfall, rather than splitting up 

the snowfall season into separate periods. A period of four or more months to examine snowfall 

distributions in response to various teleconnection patterns has shown significant results in 

previous studies (e.g., Durkee et. al. 2007; Leathers et. al., 1991; Patten et. al., 2003). 

Additionally, other studies which did split up snowfall seasons into periods, that have shown 

significant results, used different methods to determine teleconnection pattern phase. Simply 

averaging monthly index values, as conducted by this study, may not have accurately reflected 
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larger synoptic patterns. In this study, one strongly positive or negative month could pull the 

entire 3 month period in a direction that did not accurately reflect the true strength and phase of 

the teleconnection pattern. A longer yearly study period would effectively balance out the single 

strongly positive or negative month. Conversely, examining snowfall totals and teleconnection 

patterns using a one-month-long period could also potentially garner more significant results, as 

this length of period would not be influenced by other months.   

 Another limitation of this study was completeness of snowfall records across the country. 

Ideally, every stations would have had complete snowfall records for every year during this 

study. The method of allowing one missing month per period to retain a station could sway 

snowfall totals quite significantly, especially if that missing month was either December or 

January, months which typically receive the highest amount of snowfall. One missing month 

theoretically removes one-third of that period’s snowfall from the study thus reducing the sum of 

ranks when the Mann-Whitney U test was applied. Coupled with the limited number of positive 

and negative phase years, at most 29 but typically between 13-21 years, the sample size was 

generally small for each phase.  

 Future research should examine the combination of teleconnection patterns and utilize a 

different method to determine teleconnection pattern phase. Periods of snowfall should be 

increased to more than 3 months or reduced to 1 month, to more effectively capture the overall 

snowfall patterns during the winter season. Finally, the threshold for completeness of data from 

each station should be increased.  
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