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ABSTRACT 

 

THESIS:   The Influence of the North Atlantic Oscillation on Seasonal Snowfall  

  Totals in the Northeastern United States, 1961-2010 
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PAGES: 146 

 

 The North Atlantic Oscillation (NAO) is one of the main components of 

atmospheric circulation variability within the middle and high latitudes of the Northern 

Hemisphere and largely affects winter weather in northeastern United States.  This study 

examined the most recent decadal trend of the NAO as well as its influence on snowfall 

totals and storm track variability in the northeast U.S. over the previous 50-year period.  

Previous research has indicated greater snowfall totals in the Northeast during NAO 

negative phases due to repeated polar outbreaks.  Nonetheless, past research has also 

shown connections between the NAO positive phase and active winter seasons in this 

region.  This study provides insight on how both positive and negative NAO phases can 

produce significant snowfall in the Northeast.  Statistical and graphical analysis were 

completed to assess the relationship between the NAO and seasonal snowfall (NDJFM) 

from 1961-2010 for stations within the Northeast (Virginia to Maine).  In addition, two 
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case studies of recent winter events with differing NAO phases were evaluated to provide 

insight on how both NAO phases can produce significant snowfall in the Northeast.   

 The statistical analysis revealed inverse relationships between the NAO negative 

phase and seasonal snowfall.  The composite analysis indicated an average positive NAO 

pattern from 1961-2010, yet the NAO negative years produced higher frequency of 

snowfall in the Northeast.  The case studies highlighted variations in storm track and 

snowfall distribution of the two winter events in differing phases.  This study shows that 

snowfall can occur in particular regions of the Northeast regardless of the NAO phase 

which has important implications for forecasters.  This research also provides the 

necessary information to complete the most recent decadal trend of the NAO and 

determine its average pattern.  The update of this record will assist climatologists and 

weather forecasters in predicting future northeast U.S. winter storms.
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I. INTRODUCTION 

 

One of the main components of atmospheric circulation variability within the 

middle and high latitudes of the Northern Hemisphere is the North Atlantic Oscillation 

(NAO).  The NAO is the most prominent teleconnection pattern (a periodic and 

persistent, large-scale pattern of pressure and circulation anomalies) during the cold 

season months (November – April) in the Northern Hemisphere.  More specifically, the 

NAO represents the fluctuation of atmospheric mass between the Arctic and the 

subtropical Atlantic distinguished by sea level pressure differences between stations 

located near Iceland and the Azores/Portugal (Rogers 1984; Hurrell 1995; Hurrell and 

van Loon 1997; Jones et al. 2003).  It is well-known that variability in the trends in the 

NAO indicates changes in surface circulation patterns and is related to the spatial 

distribution of temperature and precipitation over the eastern U.S., western Europe, the 

Greenland-Labrador area, and the Middle East (Walker and Bliss 1932; van Loon and 

Rogers 1978; Barnston and Livezey 1987; Hurrell and van Loon 1997).  During the 

winter seasons, the pressure differences over the North Atlantic increase due to more 

extreme variations in temperature.  The increase in the pressure gradient generates 

stronger tropospheric winds and a stronger jet stream aloft for storm system propagation 

across the North Atlantic.  Thus, the NAO affects winter weather conditions from the 

U.S. to Europe.  With respect to the U. S., the NAO largely affects northeastern winter 

weather.  In this region, the positive phase of the NAO produces mild and wet winter 
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conditions while the negative phase generates frequent polar outbreaks and snowy 

conditions. 

Over the past few decades, there have been several studies that have examined the 

influence of the NAO on winter storms (Hurrell 1995; Serreze et al. 1997; Bradbury et al. 

2003; Kocin and Uccellini 2004; Durkee et al. 2008; Aleska 2008; Seager et al. 2010).  

However, these studies do not cover the latest decade in its entirety.  This study examined 

the previous 50-year period as well as the most recent decadal trend of the NAO and its 

influence on snowfall amounts and storm track in the northeastern U.S.  Relationships 

between average seasonal snowfall totals and NAO indices were evaluated for November 

through March winter seasons (NDJFM) from 1961 to 2010 using nonparametric 

statistical techniques, Spearman’s Rank Correlation Coefficient and the Mann-Whitney U 

test.  The association of storm track patterns and the NAO was also examined over the 

entire 50-year period through composite analysis (using NCEP/NCAR Reanalysis) of the 

anomalies of various atmospheric circulation variables (surface air temperature, sea level 

pressure (SLP), 500-hPa geopotential height, and 300-hPa vector winds).  These 

evaluations were carried out with an additional focus on the last decade (seasons 2001-

2010) to update current research on this subject.  This is important since the 2010 winter 

season exhibited a strong NAO negative index (a change from the less extreme index 

fluctuations of the decade) and greatly impacted the northeastern U.S.  Furthermore, two 

case studies of synoptic scale winter storm events, February 25-27, 2010 (negative NAO) 

and February 24-26, 2011 (positive NAO), were thoroughly examined to determine 

differences in storm track and precipitation of Northeast Winter Storms (NEWS) during 
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NAO positive and negative phases.  The synoptic situations leading up to each storm and 

the subsequent snowfall is examined and discussed in detail with particular reference to 

the NAO.  The case studies highlight how both situations generate extreme snowfall in 

the Northeast although the snowfall causation may differ between the phases.  

The results of this study corresponded to previous studies (Hurrell 1995; 

Bradbury et al. 2003; Kocin and Uccellini 2004; Seager et al. 2010) that show greater 

snowfall occurring during negative NAO phases over the northeastern U.S.  However, 

this research also indicated areas of the Northeast that receive snowfall regardless of the 

NAO phase.  The case studies provided a better understanding of how each phase can 

produce extreme precipitation in this region.  The in-depth analyses revealed significant 

differences in synoptic environments that develop the storms as well as variations in 

storm track and precipitation distribution.  The conclusion of this study also provided the 

necessary information to update the current record by determining the most recent 

decadal trend of the NAO.  Discovering the current trend of the NAO and its influence on 

winter weather in the Northeast will benefit climatologists and weather forecasters in 

regards to predicting future snowstorms. 

 

 

 



4 

 

 

II. LITERATURE REVIEW 

 

 This study examines the variability of the North Atlantic Oscillation (NAO) and 

its effects on Northeast Winter Storms (NEWS) regarding snowfall amounts and storm 

tracks.  Having an understanding of the climatology of NEWS and the pattern (or phase) 

of the NAO can assist a forecaster with the prediction of probable temperatures, 

precipitation amounts, and general track of an approaching winter storm.  Forecasting is 

very important in this region of the U.S. because it is densely populated and is a favorable 

environment for severe winter storms due to heat and moisture influences from the 

surrounding water bodies (Atlantic Ocean, Gulf of Mexico, and the Great Lakes) and the 

changing topography (Appalachian Mountains/Piedmont, Inland Basin, Coastal Plain, 

and New England Uplands).   

2.1 North Atlantic Oscillation (NAO) 

In the Northern Hemisphere, the NAO is the only teleconnection pattern that is 

noticeable throughout the entire year (Barnston and Livezey 1987).  The NAO is 

characterized by a surface pressure dipole between the Icelandic Low and the Azores 

High and is the dominate mode of surface atmospheric circulation variability over the 

North Atlantic (Hurrell 1995).  Specifically, a low pressure center is located over 

southern Greenland and Iceland and the high pressure center is located within a zonal 
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band of the central North Atlantic between 35°–40°N (Stoner 2009); nonetheless, the 

spatial pattern is not stationary (Barnston and Livezey 1987; Hurrell and van Loon 1997).  

Even though the NAO is the leading pattern of atmospheric variability throughout the 

year, it strengthens during the boreal winter (December – February) when the greatest 

SLP anomalies occur.  During this time, the NAO attributes to more than one-third of the 

total SLP variation over the North Atlantic (Hurrell et al. 2003).  

2.1.1 History  

The NAO was unknowingly referenced as early as the late 1700s by Hans Egede 

Saabye, a Danish missionary, who kept a journal in Greenland describing his 

observations of weather patterns.  During the winters of 1770-1778, he noticed the 

winters in Greenland were not consistent and when Denmark experienced severe 

conditions, Greenland experienced milder conditions (van Loon and Rogers 1978), and 

the reverse.  Then in 1883, an innovative study conducted by Teisserenc de Bort (1883) 

examined the locations of large pressure centers (the Azores High, the Russian High, and 

part of the Icelandic Low) and characterized five types of atypical winters.  Inspired by 

Teisserenc de Bort’s research, Hildebrandsson (1897) examined SLP time series from 

different locations within the North Atlantic and discovered a well-defined inverse 

relationship of SLP between the Azores and Iceland.  This study was the precursor for 

future studies using SLP over the North Atlantic and eventually led to the modern 

identification of the NAO (Stephenson et al. 2003). 
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In the early 1900s, Felix Exner (1913) conducted a study of SLP anomalies in the 

Northern Hemisphere and generated the first correlation map illustrating the spatial 

configuration of an atmospheric circulation pattern.  More specifically, his map displayed 

the association of average monthly pressure anomalies between the North Pole and 

approximately 50 other locations around the Northern Hemisphere.  Exner estimated the 

pressure anomalies for the North Pole by taking an average of three northern SLP time 

series from Greenland, Norway, and Siberia.  In this study, he also highlighted the strong 

signal and pronounced annular (or “ring-shaped”) appearance of the circulation pattern in 

the North Atlantic and Mediterranean regions.  However, this pattern was later found to 

be a better approximation of the Arctic Oscillation (AO) or Northern Annual Mode 

(NAM) by employing principal component analysis (PCA) (described later in detail) of 

the SLP (Stephenson et al. 2003).  Just over a decade later, Exner (1924) produced an 

additional correlation map displaying associations of SLP anomalies between 

Stykkisholmur, Iceland and roughly 70 other locations.  The resulting circulation pattern 

was more representative of the NAO due to reducing the area of study to the North 

Atlantic region. 

The statistical method of correlation analysis, used in the abovementioned studies 

by Felix Exner, was originally introduced into atmospheric research in 1909 by Sir 

Gilbert Walker (Stephenson et al. 2003).  In the early 1920s, Walker employed 

significance tests in order to discard false correlations and appropriately classify climate 

variations into several different patterns such as the NAO.  Walker and Bliss (1932) then 

quantified the strength of the NAO and created the first NAO index using a linear 
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combination of surface pressure and temperature readings from weather stations located 

around the northern Atlantic (Vienna, Austria; Hamilton Parish, Bermuda; 

Stykkisholmur, Iceland; Ivigtut, Greenland; Bodø, Norway; Stornoway, Scotland; Cape 

Hatteras, North Carolina; Washington, D.C.; Gothaab, Greenland) (Equation 2.1).   

Equation 2.1:  NAO index where P represents surface air pressure and T denotes surface 

air temperature averaged from December to February (Walker and Bliss 1932). 

PVienna + 0.7PBermuda – PStykkisholmur – PIvigtut + TBodø + TStornoway + 

0.7(THatteras + TWashington)/2 – 0.7TGodthaab 

 

Rossby (1939) studied the influences of atmospheric disturbances on the 

configuration and dynamics of planetary waves during the winter of 1938-39.  Through 

his research, he determined that the residence time of the quasi-stationary pressure 

centers is affected by the strength of the zonal circulation.  The results indicated a strong 

correlation between the longitude of the Aleutian Low and strength of the zonal wind at 

45°N (measured from the average pressure difference from 35°N to 55°N).  In addition to 

developments made by Exner (1924) and Walker and Bliss (1932), Rossby (1939) 

presented a “zonal index,” or “zonally averaged zonal wind” at 45°N, to quantify the 

strength of the polar vortex in the Northern Hemisphere.  His concept of the zonal index 

became widely accepted by the mid-20
th

 century and set the standard for other studies of 

zonal circulation, such as Lorenz (1951) who initially discovered the presence of “zonally 

symmetric seesaw” patterns in SLP.  Zonal indices indicate variations in the intensity of 
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“zonally averaged mid-latitude surface westerlies” and consequently signify changes in 

the NAO (Stephenson et al. 2003).   

Rogers (1984) modified the initial NAO index developed by Walker and Bliss 

(1932) with the construction of a simpler NAO index by assessing the difference in 

normalized SLP anomalies from two-stations located at Ponta Delgada, Azores and 

Akureyri, Iceland.  He used normalized data to prevent the index from being biased by 

the greater variability of SLP at the northern station.  Hurrell (1995) also created an 

additional NAO index after examining variations in SLP and surface temperature 

(coupled) over the North Atlantic during winter.  His results indicated that the variance of 

the NAO was better represented using the southern station of Lisbon, Portugal.  

Therefore, he defined the NAO index using the difference between the standardized 

station pressure series of Lisbon, Portugal and Stykkisholmur, Iceland.   Using Lisbon as 

the southern station also allowed Hurrell to expand the NAO index to 1864.  Shortly 

afterward, Jones et al. (1997) demonstrated the NAO index could be extended back to 

1821 using the stations located at Gibraltar, Spain and Reykjavik, Iceland.  Continuing 

this research, Jones et al. (2003) verified a strong correlation of all the NAO indices on an 

interannual timescale (and longer); however, they found that the southern station location 

creates some discrepancy.  On the other hand, given that the temporal variability is much 

greater than the spatial variability among the stations in the north (in Iceland); the 

selection of the northern station is not significant. 

Zonal indices were further developed with the advancement of statistical 

techniques to grid point dataset analysis.  Lorenz (1956) continued his research 
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employing the Empirical Orthogonal Function (EOF) method to create a zonal index 

based on correlations between multiple atmospheric variables.  EOFs are eigenvectors of 

the covariance matrix of a dataset and are used for obtaining linear combinations of the 

variables within a dataset (i.e. Principal Components or PCs) that demonstrate the most 

variance.  The eigenvectors are ranked in descending order so the first mode, containing 

the maximum eigenvalue, accounts for most of the variance in the dataset.  Therefore, the 

EOF method reduces a large dataset containing numerous variables to a dataset 

containing fewer new variables (using few empirical modes with linear combinations of 

the original variables) to account for the greatest possible fraction of variability of the 

original dataset by performing a covariance analysis (Wilks 2011).  The EOF method is 

comparable to the more commonly used statistical method, Principal Component 

Analysis (PCA), invented by Karl Pearson in the early 1900s (Stephenson et al. 2003).  A 

spatial EOF pattern can be defined by a PC time series and the associated set of grid point 

variables.  Nowadays, NAO indices are usually obtained from the PC time series of the 

leading (usually regional) EOFs of SLP or simply from the difference in SLP anomalies 

between various northern and southern stations (Hurrell et al. 2003).  

Besides surface observations, the NAO can also be identified from upper-level 

data; however, this data is limited approximately to the year 1950.  Wallace and Gutzler 

(1981) used one-point correlation maps at sea-level and 500-hPa geopotential height 

fields to observe and define zonally balanced, large-scale oscillating pressure patterns 

dominating the Northern Hemisphere between the polar and moderate latitudes.  Their 
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results confirmed that of Lorenz (1951) and illustrated the fluctuations in the NAO to be 

influenced by the strength of the jet stream over the western region of the Atlantic.  Using 

rotated EOF, or orthogonally rotated principal component analysis (RPCA), and applying 

similar techniques of Wallace and Gutzler (1981) to a 700-hPa geopotential height field, 

Barnston and Livezey (1987) confirmed that the NAO is the only teleconnection pattern 

evident in every month of the year in the Northern Hemisphere.  PCA eigenvectors 

(accounting for the most variance of the dataset) may not align close to local clusters of 

data points; therefore, they are rotated (to point closer to the local data clusters) to better 

represent actual physical conditions.   

2.2.1 Impacts and Phases 

Since the NAO influences climate variability from the eastern seaboard of the 

U.S. to Siberia and from the Arctic to the subtropical Atlantic (Hurrell et al. 2003), the 

variations in the NAO are important to investigate.  This is especially true during the 

boreal winter when there are greater differences in the mean distribution of SLP over the 

Northern Hemisphere (Figure 2.1).  This increase in the pressure gradient generates 

stronger surface winds that extend through the troposphere to lower stratosphere (up to 

about 12 km) and create a jet stream from the eastern U.S. to northern Europe (Hurrell et 

al. 2003) (Figure 2.2).  The path of storms often correlate with the jet stream, thus, the 

NAO impacts the strength and location of the jet stream over the North Atlantic which in 

turn affects the storm track and intensity of winter storms from the U.S. to Europe.  
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Figure 2.1:  Mean sea level pressure for boreal winter (December-February) from the 

NCEP/NCAR reanalysis project over 1957-1996 conducted by Kalnay et al. (1996).  
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Figure 2.2:  Mean vector winds for boreal winter (December-February); a) 1000 hPa and 

b) 200 hPa over 1958-2001.  The scaling vectors are specified in the boxes with units of 

ms
-1

 (Hurrell et al. 2003). 

  

The spatial pattern of the NAO is highly variable and tends to change phases from 

one month to another; however, its long-term behavior is determined by the combined 

influences of the amplitude and residence time of any given phase (Hurrell 2003).  

During the NAO positive phase (Figure 2.3a), the high-pressure system near the Azores 

strengthens while the low-pressure system near Iceland lowers (intensifies) which creates 

a large pressure gradient over the central Atlantic.  The increased pressure gradient 

between the Azores and Iceland strengthens surface westerlies that flow across North 

America toward Europe.  The amplified westerlies push cold air off the North American 

continent and advect relatively warm, moist air over the Atlantic Ocean to Europe 

generating higher temperatures and greater precipitation (Hurrell 1995).  Thus, the NAO 

positive phase produces cold, dry winters in northern Canada and Greenland and mild, 

a) b) 
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wet winter conditions in Europe and on the U.S. East Coast.  Conversely, in the NAO 

negative phase (Figure 2.3b), the high-pressure system weakens and the low-pressure 

system becomes shallow, which creates a small pressure gradient between the Azores and 

Iceland over the central Atlantic.  The surface westerlies weaken and allow cold air to 

build up over Canada and propagate south into the U.S.  With less influx of warm, moist 

air from the Atlantic Ocean, cold air builds up over the European continent causing drier 

conditions.  Therefore, the NAO negative phase produces moist conditions in the 

Mediterranean, cold temperatures in northern Europe, milder winter temperatures in 

Greenland, and polar outbreaks and snowy conditions for the U.S. East Coast (Hurrell 

1995).   
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a) 

 

b) 

Figure 2.3 NAO Phases (NOAA 2011a); a) NAO Positive Phase, b) NAO Negative Phase 
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As the NAO fluctuates from one phase to another, it produces significant changes 

in the intensity and number of storms as well as alterations in storm track and associated 

weather conditions (Hurrell et al. 2003).  Variations in the normal flow and storminess, 

due to shifts in the NAO index, are associated with changes in the transportation and 

convergence of moisture in the atmosphere (Hurrell 1995).  In general, positive NAO 

winters are associated with a northeastward shift in storm activity over the Atlantic 

Ocean.  This shift in the NAO generates increased storm activity from Newfoundland to 

northern Europe and reduced activity to the south of these regions (Rogers 1990; Rogers 

1997; Hurrell and van Loon 1997; Serreze et al. 1997).  The Norwegian Sea and Iceland 

also experience more frequent severe storms during the NAO positive phase (Serreze et 

al., 1997).  During the NAO negative phase, the subtropical high migrates poleward 

creating a blocking pattern over the North Atlantic (Wallace and Gutzler 1981; Hurrell 

1995) (Figure 2.3b); thereby, repositioning the mean trough axis over the eastern U.S. 

and allowing for repeated polar outbreaks (Hurrell 1996; Thompson and Wallace 2000).   

2.1.3 Previous 50-Year Climatology 

Through researching seasonal snowfall climatology of the Northeast urban 

corridor, Kocin and Uccellini (2004) found the decade of the 1960s to be dominated by a 

strong negative NAO phase producing the snowiest decade of the century for most of the 

largest cities in the region including:  Boston, Philadelphia, Baltimore, and Washington, 

D.C.  Severe winters were also prominent in Greenland and across northern Europe 
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during the 1960s (van Loon and Williams 1976).  The trend reversed to a positive NAO 

phase by the end of the decade and from the 1970s to the mid-1990s, the northeastern 

U.S. generally experienced milder winters.  This was a sharp reversal in regards to the 

drastic changes in the NAO index values with minimum values occurring in the late 

1960s and extremely positive values in the late 1980s to mid-1990s. 

These results corresponded to an earlier study conducted by Hurrell (1995) which 

examined the NAO of the past decade (earlier 1980s to 1990s).  In this study, he noted 

the trend of remaining in one extreme phase during the winter which caused warmer 

winters in Europe and colder winters across the northwest Atlantic.  With this, he 

determined that the NAO was mostly in a strong positive phase throughout the 1980s into 

the early 1990s and was directly related to the changes in regional precipitation.  This 

period was also significant because it contained the highest NAO index values on record 

since 1864 (Figure 2.4) (Hurrell 1995; Kocin and Uccellini 2004).  In addition, the NAO 

has been connected to a portion of the recent warming due to its index trending from 

significant amplitude anomalies of the negative phase in the 1960s to significant 

amplitude anomalies of the positive phase since the early 1980s (Hurrell 1996; Thompson 

et al. 2000; Hurrell et al. 2003). 

 

 

 



 

 

 

17 

 

NAO INDEX 1864-2001 

 

YEARS 

Figure 2.4:  NAO index 1864-2001, Lisbon minus Stykkisholmur Normalized December-

March Average SLP Anomalies (JISAO 2011). 

 

In the mid-1990s, the NAO exhibited a downward shift in values producing the 

snowiest season of the century in the winter of 1995/96.  Then the NAO index increased 

and demonstrated a neutral to positive phase during the remainder of the 20
th

 century.  A 

neutral phase is defined by an index value close to zero demonstrating no significant SLP 

variance.  However, it is important to note that a perfect correlation (+/- 1) between the 

NAO index and seasonal snowfall is not really possible.  An inverse relationship 

(negative correlation) is more likely but there are exceptions.  There are a significant 

number of snowy winters (1960/61, 1966/67, 1993/94) that occurred during seasons with 

positive NAO index values (Kocin and Uccellini 2004).  Yet, a few of the major 

snowstorms that occurred during these seasons were produced during a short period (days 
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to a week) where the NAO was slightly negative (February 2-5, 1961, December 23-25, 

1966, and February 5-7, 1967).  Nonetheless, all of these particular snowstorms exhibited 

synoptic patterns inconsistent with the negative NAO phase.  Thus, some of the extensive 

snowfall occurred due to mesoscale processes such as cold-air damming as well as the 

influences of coastal fronts.   

2.2 NAO Influence on Eastern Winter Storms 

The North Atlantic Oscillation (NAO) has great influence on storm track, and 

therefore storm frequency, in the northeastern U.S (Rogers and van Loon 1979; Hurrell 

1995; Hurrell and van Loon 1997; Thompson and Wallace 2000; Bradbury et al. 2003).  

Rogers (1990) revealed a shift in the path of East Coast cyclones to the east (near 45°N) 

during strongly negative phases of the NAO, instead of tracking their usual northeastward 

trajectory (Serreze et al. 1997).  Building on the research of Hirsh et al. (2001), Bradbury 

et al. (2003) conducted a study relating winter (DJFM) storm tracks and precipitation to 

teleconnection patterns specifically in the northeastern U.S. from 1951 to 2002.  They 

used Pearson correlation statistics to compare teleconnection indices (ENSO, NAO, and 

PDO) and regional sea surface temperatures (SSTs) to the resulting scores from their 

rotated principal component (RCP) analyses.  In addition, they utilized two tailed t-test 

statistics to determine the significance of the differences in average monthly cyclone 

occurrences within the opposing NAO phases.  Their results showed negative NAO 

seasons to be associated with an eastward displacement of the typical East Coast storm 

track and most conducive to producing above-average snowfall in New England.  This is 
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due to the development of North Atlantic blocking patterns over Greenland which cause 

greater snowfall totals in the northeastern U.S.  

The NAO also has significant influence on winter temperatures and moisture 

content (carried from the Atlantic Ocean) which in turn affects the frequency and 

intensity of snowstorms.  Wettstein and Mearns (2002) study this relationship through the 

comparison of daily and average discrepancies in the NAO-AO (Arctic Oscillation) index 

to the occurrence of intense temperature events in northeast U.S. and southwest Canada.  

They used daily data from the NOAA/NCDC for Historical Climatology Network (HCN) 

station locations sufficiently covering the area.  They applied multiple statistical 

techniques (t-tests and Z scores) to analyze and correlate variances of extreme 

temperatures and NAO-AO indices.  Their results agreed with their expectations (based 

on previous studies) showing NAO-AO positive years consist of greater maximum 

temperatures and fewer extreme cold days in the winter which increase the amount of 

freeze-thaw events that occur in these regions.  They also found a slight increase in the 

continuance of winter temperatures (at the northeastern stations) during the negative 

NAO-AO phase, possibly signifying a similar increase in persistent cyclonic activity 

and/or indicate the blocking pattern (Wettstein and Mearns 2002). 

Durkee et al. (2008) researched the NAO influence over eastern U.S. with relation 

to frequency and distribution of precipitation-type during the winter seasons (DJFM) 

from 1961 to 2001.  The precipitation-type data included rain, snow, and winter mix (two 
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or more precipitation types) and was gathered from archived METAR reports from 

National Weather Service stations located east of the Mississippi River.  For their 

analysis, they interpolated the data in order to identify variations in the spatial 

distribution of precipitation-types during both NAO phases and then used independent 

sample t-tests to test the significance of the variations at each station.  Their results 

confirmed that discrepancies in the frequency and spatial distribution of precipitation-

type are contingent on the synoptic and thermal profiles accompanying the NAO phase.  

Durkee et al. also found an increase in moisture convergence occurring along the East 

Coast of the U.S. when the NAO index was positive (consistent with Hurrell 1995).  

Furthermore, they found that the East Coast experienced a significant increase in the 

occurrence of rainfall during positive NAO phases (corresponding to DeGaetano et al. 

2002) while the northern tier of the eastern U.S. experienced significant snowfall, 

particularly in the Great Lakes region and northeast New England.   

Aleksa (2008) examined the relationship between teleconnection patterns, 

specifically the NAO, Pacific/North American (PNA) index, and El Niño Southern 

Oscillation (ENSO), and lake-effect snowfall.  He used bivariate and partial correlations 

of seasonal snowfall (totals over NDJF) data from 1951 to 2007 within the snow belt of 

Lake Erie and compared them to the corresponding teleconnection indices.  He found 

negative correlations between the NAO and snowfall over the entire winter season and 

less distinct relationships between the PNA and ENSO on snowfall.  In addition, stations 

located in the eastern zone (western New York, east of 79°W) exhibited higher negative 

correlations between the NAO and snowfall due to the increase depth of Lake Erie to the 
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east (being the last portion to completely freeze) as well as greatest fetch of common 

storm tracks.  More recently, Seager et al. (2010) investigated the relationship between 

teleconnection patterns and seasonal snowfall (including snow water equivalent (SWE) 

data) in the Northern Hemisphere.  Their results indicated that the negative phase of 

NAO primarily generated greater amounts of snow in the mid-Atlantic region of the U.S. 

and in northwest Europe during the 2009/10 winter.  Even though El Niño was present as 

well, it had a reduced influence in comparison to the NAO (Seager et al. 2010).   

2.3 Northeastern Winter Storms (NEWS) 

Since the NAO is known to affect winter weather in the Northeast, it is important 

to investigate the characteristics of Northeastern winter storms to obtain a better 

understanding of their development (in each phase of the NAO) and subsequent 

precipitation.  NEWS are complex due to the unique interactions between synoptic-scale 

and mesoscale phenomena in this region as well as the influences of the topography and 

surrounding bodies of water.  The Atlantic Ocean, Gulf of Mexico, and the Great Lakes 

all have impacts on the development of northeastern winter storms due to the 

transportation of moisture along with changes in the wind and temperature, especially 

across the Appalachian Mountains.  During winter, the interior (or central) U.S. can be 

dominated by a polar air mass which creates a baroclinic zone of great instability due to a 

strong thermal contrast as a warm air mass from the Gulf of Mexico approaches.  Small 

perturbations within the baroclinic zone can produce cold-air damming, coastal fronts, 
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and intense cyclogenesis with the effects of diabatic heating and the influx of Gulf 

moisture (generating convergence) into the region. 

Hirsch et al. (2001) provide background climatology on Atlantic coastal lows, 

also known as Nor’easters, starting with a critique of the definition found in The Glossary 

of Meteorology (Huschke 1959), “a cyclone forming within 167 km of the US east coast 

between 30 and 40 degrees N and tracking north to NE.”  The goal of their study was to 

redefine this vague description of a Nor’easter.  They used an accumulation of previous 

studies and related reanalysis datasets of gridded sea level pressure and u and v 

component wind data to find the following classification: “an area of low pressure was 

required to have a closed circulation, be located along the east coast of the US within the 

quadrilateral bounded at 45°N by 65 and 70°W and at 30°N by 75 and 85°W, show 

general movement from the SSW to the NNE, and contain winds greater than 10.3 m/s 

(20 knots) during at least one 6 hour period” (Hirsch et al. 2001).  While examining the 

dataset, they also observed that there is a maximum monthly distribution of Nor’easters 

in January over the general East Coast region and that most “full coast” storms occur in 

the month of February (Hirsch et al. 2001).  

2.3.1 Synoptic-scale Influences  

A typical synoptic pattern generating winter storms in the northeast U.S. begins 

with a strong surface high pressure system (anticyclone) positioned over northern New 

England or southeast Canada and an approaching upper-level trough from the west or 

southwest with a developing a low pressure system (cyclone) to the south (off the Gulf of 
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Mexico or the Atlantic Ocean).  The clockwise flow around the anticyclone drives the 

cold low-level air down the Atlantic coastal plain and up against the eastern slopes of the 

Appalachian Mountains, therefore strengthening the temperature gradient along the East 

Coast.  The anticyclonic flow also increases the transportation of low-level moisture from 

the Atlantic Ocean into the developing cyclone.  When the anticyclone does not move 

offshore to the east, approaching cyclones can interact and produce frozen or freezing 

precipitation (snow, ice pellets, freezing rain) (Maglaras et al. 1995).   

 Quite often with NEWS, the northern anticyclone steers cold air (northeast to 

southwest) down the eastern slopes of the Appalachians where it becomes isolated or 

“dammed.”  In detail, the cold air decelerates when it reaches the mountains due to the 

weakening of the Coriolis force (directing the air north) and is deflected southward by the 

pressure gradient force (which remains strong).  Once the cold air sinks, the Coriolis 

force keeps it confined against the mountains.  This process is referred to as cold-air 

damming (orographically trapped cold-air surges) and occurs as a result of the dense, 

cold air developing a narrow wedge of high pressure (cold air) along the Atlantic coastal 

plain.  If the anticyclone persists, cold air continues to flow southward along the 

Appalachians and intensifies cold-air damming.  Consequently, a region of strengthened 

lower-level temperature gradients and convergence develops along the East Coast and 

creates a coastal front (Kocin and Uccellini 2004).  More specifically, a coastal front is a 

low-level baroclinic zone that divides warm maritime air over the Atlantic from cold 

continental air (transferred by an anticyclone).  The synoptic patterns associated with 
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cold-air damming and coastal fronts are similar therefore, cold-air damming commonly 

occurs inland when coastal fronts are detected along the East Coast (Markowski and 

Richardson 2010).   

2.3.2 Lake-Effect Snow (LES) 

Although the storm tracks differ among the positive and negative NAO phases, 

NEWS usually travel near the Great Lakes and produce lake-effect snowfall (generally 

tracking west to east or retrograding off the coast).  Lake-effect snow (LES), also referred 

to as lake-effect convection, is a mesoscale phenomenon caused by synoptic events and is 

a common occurrence during the winter season in the Great Lakes region of the U.S.  

This phenomenon occurs with the advection of cold, dry air over a warmer water surface 

(unfrozen lake), commonly with the passage of a cold front.  During winter, land cools 

more rapidly than water, thus creating great differences in temperature between the two 

surfaces.  As a cold air mass passes over a relatively warm lake, the temperature 

difference can be sustained for a significant period of time, therefore generating lake-

effect precipitation (Figure 2.5).  More specifically, the cold air mass is "capped" by a 

temperature inversion (layer of warmer air) which limits the extent of cloud expansion.  

The influx of heat (sensible and latent) and moisture from the underlying warm lake 

destabilizes the air mass and causes convection, where the moist air rises, cools, and 

condenses into clouds.  The temperature inversion also increases in height which allows 

the clouds to expand vertically.  The modified air mass advances across the lake but 

slows and stacks vertically as it approaches the eastern (downwind) shore (NOAA 
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2011b).  Additional lift is generated by subsequent convergence which increases as the 

air nears orographic structures and results in snow. 

 

Figure 2.5:  Lake-effect snow formation due to cool air moving over a warm lake, heating 

and destabilizing the air, forming clouds and ultimately snow (NOAA 2011b). 

 

 As described above, LES normally occurs miles inland over areas of higher 

elevation, not directly along the shore.  The most severe LES in North America occurs 

over regions downwind of the Great Lakes shores (Figure 2.6).  LES specifically affects 

the northeastern U.S. in areas eastward of Lake Erie and Lake Ontario within New York 

and Pennsylvania as a result of greater fetch (distance that an air mass travels over a body 

of water) due to the west-east orientation of both lakes.  However, variations in the 

spatial distribution of LES may occur due to synoptic-scale influences such as storm 
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track and upper-level configurations as well as mesoscale factors including wind shear, 

wind speed, and fetch (Markowski and Richardson 2010).    

 

Figure 2.6:  Annual snowfall totals in the Great Lakes region (in inches) (University of 

Illinois 2012). 

 

2.3.3 Storm Track and Precipitation 

Winter storms occurring in the eastern U.S. are known for their varying intensity 

of precipitation in the form of snowfall, ice, or freezing rain.  These variations coincide 

with spatial and temporal differences of the storms.  Consequently, precipitation 

distribution and accumulation can vary greatly between two storms of similar intensity, 

commonly a result of varying storm tracks.  It is known that the common track of most 

eastern winter storms is in the northeast or north-northeast direction (Maglaras et al. 
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1995; Hirsch et al. 2001; Changnon et al. 2008).  Changnon et al. (2008) not only 

researched the most prominent cyclone tracks but also concentrated on the frequency of 

snowstorms in defined regions of central and eastern U.S. using spatial data of 241 large 

snowstorms from the National Climatic Data Center over a 50-year period (1950-2000).  

Through their research, they found three primary tracks of the large snowstorms:  1) from 

the leeward side of the Rocky Mountains to the Great Lakes, 2) from the Mississippi 

River basin to the Great Lakes, and 3) near the coastal mid-Atlantic region to Maine.  

They also related temporal changes in the frequency of the three primary cyclone tracks 

to decadal trends in the occurrence of large regional snowstorms.  Their results exhibited 

a peak in large snowstorms in the northeast division during the 1960s and a minimum in 

1990s, corresponding well with the NAO.  

As the winter storms travel up the coast, they can generate high snowfall rates and 

strong winds resulting in snowfall accumulations consisting of multiple feet with drifts 

possibly reaching second stories in extreme cases (Maglaras et al. 1995).  These 

characteristics solidify the fact that snowfall is very sensitive to the variability of the 

surrounding environment resulting from changes in temperature, wind, pressure, and 

various other synoptic influences (such as atmospheric circulation).  Other than 

significant snowfalls, eastern winter storms can produce ice (such as sleet or freezing 

rain), extreme winds, severely cold temperatures, and flooding (coastal flooding or 

erosion along the East Coast).    
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Varying types of precipitation of the winter storms create great difficulty for 

forecasters along the East Coast and the large population densities in this region only add 

more stress to the winter weather forecasts.  For example, about 40 million people inhabit 

the region heading northeast from Washington, D.C. to Boston (Zielinski 2002) which is 

commonly affected by numerous winter storms each year.  Many storms in this region 

have produced extreme snowfall and/or ice accumulations that have shut down the 

communities.  Thus, it is imperative that forecasters are able to issue winter storm 

watches before weather systems have produced precipitation or even begun to form.   

DeGaetano et al. (2002) investigated the forecast ability of East Coast Winter 

Storm (ECWS), or Nor’easter (previously defined by Hirsch et al. 2001), frequency 

during winter seasons (DJF) along the East Coast.  They found that many of the forecast 

skills associated with models rely on the recurrent nature of the climate anomalies and 

used their previous paper (Hirsch et al. 2001) to aid in characterizing interannual 

variability of ECWS and identifying relationships between storm frequency and recurrent 

climate anomalies.  Through their results, they discovered the positive phase of the NAO 

along with El Niño conditions produced active ECWS seasons.  A few years later, 

Frankoski and DeGaetano (2010) expanded this work to produce an ECWS precipitation 

climatology.  They concluded that the greatest amount of snowfall generated from ECWS 

was generally located in the Mid-Atlantic and southern New England states.  

Furthermore, Kocin and Uccellini (2004) identified that the urban corridor of this region 

experiences about 45% of snowfall from ECWS during a typical winter season.   
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Looking closer at precipitation intensity and frequency, Kunkel et al. (2009) 

examined trends in extreme snowfall seasons over the twentieth-century in the U.S.  They 

examined 440 US snowfall records (by station) over the period of winter seasons from 

years 1900-01 to 2006-07.  They looked for trends of extreme snowfall years based on 

association with temperature and precipitation and classified extreme snowfall years as 

having snowfall greater than or equal to the 90th percentile (high-extreme) or snowfall 

equal to or less than the 10th percentile (low-extreme) (Kunkel et al. 2009).  They found 

that temperature and precipitation were major factors in determining the frequency and 

type of extreme snowfall seasons in all nine regions of the U.S.; however, the high-

extreme snowfall seasons were better associated with precipitation anomalies than the 

low-extreme snowfall seasons.  Kunkel et al. showed high-extreme snowfall seasons are 

most frequent during cold and wet weather conditions (relating to a negative NAO 

situation), while low-extreme snowfall seasons are less precipitation dependent.  After 

closer examination of the period from 1950-51 to 2006-07 (the more recent half of 

century), it was noticeable that the trends were more consistent and displayed increases in 

the frequency of years with low-extreme snowfall over four regions of the US: the 

northeast, southeast, south, and north.   Furthermore, throughout the most recent period, 

1985-86 to 2006-07, most of the US experienced below average frequency of high-

extreme snowfall seasons (Kunkel et al. 2009), coinciding with a predominantly positive 

NAO phase during this time. 
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This study uses statistical techniques and analysis similar to some of the 

aforementioned studies (Wettstein and Mearns 2002; Bradbury et al. 2003; Patten et al. 

2003; Aleksa 2008), such as t-tests, correlation statistics, and NCEP/NCAR Reanalysis.  

However, this research focuses primarily on the NAO providing a more detailed analysis 

of the impacts produced by both positive and negative phases and includes more recent 

data.  This study also relates (and adds) to the research conducted by Durkee et al. 

(2008), in which the case studies were used to demonstrate how each NAO phase can 

produce significant snowfall yet exhibit different synoptic and thermal profiles.  These 

differences influence the precipitation-type, intensity, and spatial distribution as well as 

the track of northeast winter storms. 
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III. METHODOLOGY 

 

 This study examines the relationship between the NAO and seasonal snowfall 

totals in northeastern U.S. between 1961 and 2010, with a focus on the last decade.  

Aforementioned studies have shown the NAO negative phase to be associated with 

increased snowfall totals in eastern U.S. (Hurrell 1995; Bradbury et al. 2003; Kocin and 

Uccellini 2004; Aleska 2008; Seager et al. 2010).  Yet, research has also indicated 

connections between the NAO positive phase and active winter seasons (rain and snow) 

in northeastern U.S. despite an overall shift in the mean storm track (DeGaetano et al. 

2002; Durkee et al. 2008).  Statistical and graphical analysis were completed to assess the 

relationship between the NAO and seasonal snowfall (NDJFM) from 1961-2010 for 

stations within the Northeast (Virginia to Maine).  To illustrate how the differing 

synoptic-scale situations of the positive and negative NAO phases can each produce 

extreme snowfall in the eastern U.S., two winter storm case studies, February 25-27, 

2010 (negative NAO) and February 24-26, 2011 (positive NAO),  are presented.  

3.1 Study Period and Region 

The study period encompasses the winter seasons from 1961 to 2010, totaling 50 

seasons.  Each season was based on the snowfall season which includes data from the 
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months November through March (NDJFM).  This period was examined because of data 

availability as well as its relevance to obtain the most recent 50-year climatology.  While 

a few stations date back to the late 1800s, the majority of the stations contain snowfall 

records beginning in the mid-20
th

 century.  In addition, the NAO datasets obtained from 

the Climate Prediction Center (CPC) only date back to January of 1950.   

The study region includes 82 stations within the northeastern U.S. from Virginia 

to Maine (Figure 3.1, Appendix B), a region shown to be moderately to strongly 

influenced by the NAO during the cold season.  The stations were chosen based on 

spatial location and completeness of data (<5% or <375 days missing of total number of 

days for NDJFM seasons from 1961-2010).  This data threshold is based on a study 

conducted by Patten et al. (2003) which examined the impacts of ENSO on snowfall in 

the U.S.  However, the threshold was increased from 1% to 5% due to the lack of stations 

and therefore spatial coverage.  Though a few stations were missing entire months of 

data, the occurrence of missing days did not display any temporal patterns among the 

stations.  Thus, the missing days were generally sporadic within the datasets. 
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Figure 3.1:  Northeastern U.S. study region and station distribution (n = 82) 

3.2 Data 

3.2.1 Snowfall Data 

Daily snowfall data was obtained from the United States Historical Climatology 

Network (USHCN) for 82 individual stations in the northeastern U.S. for the winter 

seasons of 1961 to 2010.  The USHCN, established by the National Oceanic and 

Atmospheric Administration's (NOAA) National Climatic Data Center (NCDC), is a data 

set consisting of numerous meteorological variables (archived daily and monthly) from 

1218 observing stations throughout the contiguous U.S. (USHCN 2011).  The stations 
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were selected in regard to extent and accuracy of data records as well as spatial coverage.  

Most of the observing stations are U.S. Cooperative Observing Network stations where 

weather observations are taken by volunteers or contractors.  These stations are 

commonly located in rural areas and the observations are usually taken only once per 

day.  Other stations include National Weather Service (NWS) First-Order stations where 

weather observations are taken by NWS employees or other certified observers. These 

stations are typically located in urban areas (commonly airports) and observations are 

usually taken every hour.   

The USHCN snowfall data (totals in inches) was computed into seasonal averages 

(NDJFM) as well as the total number of days with snow, days with light snow (<2.0 

inches), and days with moderate to heavy snow (>2.0 inches).  These categories of 

snowfall intensity were based on the study conducted by Patten et al. (2003) and used for 

statistical analysis with the NAO index data; however, the moderate (>2.0 and <5.9 

inches) and the heavy (>5.9 inches) categories were combined to achieve more robust 

(and significant) results.  Kocin and Uccellini (2004), creators of the Northeast Snowfall 

Impact Scale (NESIS), define moderate snowfall between 4-10 inches and heavy 

snowfall greater than 10 inches in the urban Northeast (along the East Coast).  Since this 

study region includes the entire Northeast (based on state boundaries), the thresholds for 

each snowfall category were decreased to account for lower seasonal snowfall totals in 

the interior regions (not affected by the Atlantic Ocean).  However, it is important to note 

that these thresholds are arbitrary and could have been grouped differently. 

 



 

 

 

35 

 

3.2.2 North Atlantic Oscillation (NAO) Index 

The monthly mean NAO index was obtained from the Climatic Prediction Center 

(CPC 2011c) for the winter snow seasons (NDJFM) of 1960-1961 through 2009-2010.  

Currently, the monthly NAO indices are standardized by the 1981-2010 climatological 

monthly means and standard deviations (CPC 2011b).   

The NAO is a teleconnection pattern which is defined as a periodic and persistent, 

large-scale pattern of pressure and circulation anomalies that extend over large 

geographical areas (CPC 2011a).  In particular, the NAO contains a combination of SLP 

and surface temperatures of the East Atlantic and West Atlantic patterns originally 

identified for the winter season by Walker and Bliss (1932).  The Rotated Principal 

Component Analysis (RPCA), used in Barnston and Livezey (1987), is the procedure 

employed to distinguish the Northern Hemisphere teleconnection patterns and indices.  

The teleconnection patterns (for all months) are separated to allow for the construction of 

time series of each pattern.  Then, the RPCA method is applied to monthly mean 

standardized 500-hPa height anomalies (standardized by the 1950-2000 climatological 

monthly means and standard deviations) within a zonal region of 20°-90°N obtained from 

the Climate Data Assimilation System (CDAS) (CPC 2011b).  The RPCA method rotates 

the PCA eigenvectors to point closer to the local clusters of data points in order to better 

resemble actual physical conditions.  Thus, the rotated patterns (though they account for 
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less variance) show more regionalized anomalies than the non-rotated patterns (which are 

ubiquitously spread). 

The RPCA is utilized to explain variations in the strength and configuration of 

teleconnection patterns related to changes in annual atmospheric circulation.  Using this 

approach improves the continuity of the index time series from month to month since the 

calculations are not based on data for each month separately.  The RPCA technique 

surpasses grid point analysis by identifying teleconnection patterns using the entire flow 

field, not just height anomalies at chosen locations (CPC 2011b).  As a result, this 

analysis produces more representative outcomes when computing the monthly 

teleconnection indices.  NAO indices based on station pressures are affected by small-

scale meteorological phenomena (not necessarily associated with the NAO) and may 

contain additional data fluctuations.  Since the focus of this study is on large-scale 

behavior of the NAO, an NAO index based on the RPCA method (of 500-hPa heights) 

was chosen.   

Though the NAO is generally strongest during the boreal winter (DJF), each 

season was computed based on the snowfall season which includes data from the months 

November through March (NDJFM).  The seasonally averaged NAO indices indicated a 

dominant positive NAO phase over the 50-year study period (Figure 3.2).  The decade of 

the 1960s was dominated by a strong negative NAO phase and produced the snowiest 

decade of the century for most of the largest cities in the region including:  Boston, 

Philadelphia, Baltimore, and Washington, D.C. (Kocin and Uccellini 2004).  However, 

the trend reversed to a positive NAO phase by the end of the decade and from the 1970s 
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to the mid-1990s, the northeastern U.S. generally experienced milder winters.  As for the 

average NAO pattern over the previous decade, the seasonally averaged (NDJFM) NAO 

indices from 2001-2010 revealed a neutral NAO phase (average index close to zero).  

The winter seasons in the previous decade have shown to be mostly moderate except that 

of 2009-2010.  The strong negative average NAO index in the 2010 winter season, 

similar in strength to the negative indices of the 1960s, allowed cold polar air to invade 

the U.S. which caused frequent polar outbreaks and produced the extreme snowfall that 

gave winter storms of the season the nickname “Snowmaggedon.”  

 

 

Figure 3.2:  Average NDJFM NAO index 1961-2010 (Data source: CPC 2011c). 
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The average seasonal NAO indices were (Figure 3.2) were used to determine 

NAO positive and negative years (Table 3.1).  Since the NAO index is normalized, it has 

a mean of zero and a standard deviation of one.  Thus, the NAO years were defined as 

positive (negative) when the 5-month average index was greater than 0.5 (less than -0.5).  

If the 5-month average failed to meet the positive or negative threshold, the year was 

defined as being neutral.   

Table 3.1:  NAO positive and negative winter seasons (NDJFM) from 1961-2010. 

Negative 

Years 

Positive 

Years 

1962 1983 

1963 1989 

1964 1990 

1965 1992 

1966 1993 

1969 1994 

1970 1995 

1971 2000 

1977 2007 

1996 2008 

2010 

  

3.3 Methodological Approach 

 This study uses statistical techniques and graphical analysis to examine the trend 

of the NAO and its influence on seasonal snowfall totals and storm track in the northeast 

U.S.  The relationships between the snowfall data and NAO indices were evaluated for 

winter seasons (NDJFM) from 1961 to 2010 using nonparametric statistical techniques, 

Spearman’s Rank Correlation Coefficient and the Mann-Whitney U test.  The association 
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of storm track patterns and the NAO were also examined over the entire 50-year period 

through composite analysis (of NAO positive and negative years) using NCEP/NCAR 

Reanalysis of the mean and anomalies of various atmospheric variables (surface air 

temperature, SLP, 500-hPa heights, and 300-hPa vector winds).    

3.3.1 Statistical Analysis 

 The modified snowfall data and the NAO indices were imported into the 

Statistical Package for the Social Sciences (SPSS) for statistical analysis.  All 

nonparametric statistical techniques were applied since precipitation data is 

characteristically skewed toward low, non-precipitation days and does not display a 

normal distribution.  For example, the station in Reading, Massachusetts exhibited a 

positively skewed distribution of daily seasonal (NDJFM) snowfall totals from 1961-

2010.  The skewness value was approximately 6.26 and confirmed that the precipitation 

data favors low, non-precipitation days with the lowest amount of snowfall displaying the 

highest frequency. 

 The NAO indices, average seasonal snowfall totals, and the three snowfall 

intensity categories (number of days with snow, days with light snow and days with 

moderate to heavy snow) were analyzed (in pairs) using the Spearman’s Rank Correlation 

Coefficient (rs), to measure the strength and direction of their relationship.  The degree of 

association was computed using the following equation: 
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Equation 3.1: Spearman’s Rank Correlation Coefficient (rs) (Wilks 2011)  

     
 (   )

 (    )
 

Where D = difference in ranks of NAO indices and snowfall data (averages and 

categories) for each paired data value and ∑D
2
 = sum of the squared differences in ranks 

and n = number of paired data values. 

 

 This equation was applied to the ranks of the NAO and snowfall data rather than 

to the actual values themselves; therefore, the resulting correlation values ranged from -1 

(perfect negative or inverse correlation) to 1 (perfect positive or direct correlation).  

Correspondingly, if rs = 0, then no association existed between the two variables.  Data 

ranking is achieved by assigning the ranking '1' to the smallest value in a dataset, '2' to the 

second smallest value, and so forth (in ascending order).  If there are duplicate values, 

they are assigned a rank equal to the average of their positions in the order of the values.  

The ranks are used in the calculation instead of the actual values due to the non-normal 

(nonlinear) distribution of the data.  Rank correlation is not as sensitive to data outliers 

and thus, can transform non-linear relationships into linear relationships.  Statistically 

significant results were defined using the 95% confidence level. 

The entire snowfall dataset and the NAO phase extremes were evaluated using the 

Mann-Whitney U test (the nonparametric t-test alternative) to determine if there was a 

significant difference in magnitude of the average snowfall and the number of snow days 

(light, moderate/heavy, total) between NAO positive and negative periods.  The Mann–

Whitney U test evaluates whether the mean ranks of a test variable differ significantly 
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between two groups using hypothesis testing.  In this study, the snowfall data was the test 

(or dependent) variable and the NAO phases were the grouping (independent) variables.  

The snowfall data were ranked in ascending order (similarly to Spearman’s Rank 

Correlation Coefficient) and the NAO phases were defined into “dummy variable” 

groups of 1 (positive phase) and -1 (negative phase).  A one-tailed (directional) test was 

used since the majority of the previous research indicated more frequent (and intense) 

polar outbreaks and greater snowfall totals during negative NAO phases in the Northeast.  

Directional hypotheses used in one-tailed tests specify the direction of the difference 

(larger or smaller) between the variables.  For this research, the null hypothesis (H0) 

stated that the ranks of the means in the NAO negative phase (δ1) were equal to the mean 

ranks in the NAO positive phase (δ2) (H0: δ1 = δ2).  The alternate hypothesis (HA) stated 

that the ranks of the means were greater in the NAO negative phase than the NAO 

positive phase (HA: δ1 > δ2).  The Mann-Whitney method computes a value for the U 

statistic used to determine which hypothesis should be rejected.  Therefore, if the U 

statistic fell into the left (negative) tail of the sampling distribution (and was significant), 

the null hypothesis was rejected in favor of the alternative.  The resulting Z-scores were 

evaluated for significance at the 90%, 95%, and 99% confidence level.  The 

Mann‐Whitney U statistics for each group were calculated with the following set of 

equations: 
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Equation 3.2: Mann-Whitney U test (Wilks 2011) 

      
  
 
(    ) 

      
  
 
(    ) 

Where n1 = the number of observations in the first group and n2 = number of observations 

in the second group and R1 = the sum of the ranks assigned to the first group and R2 = the 

sum of the ranks assigned to the second group. 

 

 

3.3.2 Graphical Analysis 

 

 Graphical analysis was conducted using reanalysis of various atmospheric 

variables to examine the trends in the NAO over the 50-year study period.  More 

specifically, composite analyses were generated using NCEP/NCAR Reanalysis (Kalnay 

et. al 1996) obtained from the Earth System Research Laboratory, Physical Science 

Division (ESRL/PSD) at their website (www.esrl.noaa.gov/psd/data) and were plotted 

through an online application (ESRL/PSD 2011).  The NCEP/NCAR Reanalysis Project 

was developed by both the National Centers for Environmental Prediction (NCEP) and 

the National Center for Atmospheric Research (NCAR) with a goal of producing a 

comprehensive climatological record consisting of atmospheric analyses based on 

historical data (1957-present) and analyses of the current atmospheric state using CDAS 

to assess changes over time.  Composite mean analyses were produced by the differences 

in mean values of seasonally averaged data (SLP, 500-hPa heights, surface air 

temperature, and 300-hPa vector winds) from the NCEP/NCAR Reanalysis for NAO 

positive and negative years throughout the 50-year study period (previously displayed in 
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Table 3.1).  Composite analyses of the anomalies of the seasonally averaged variables 

were generated for the NAO positive and negative years separately (each against 

climatology).  The anomaly maps presently utilize the 1981-2010 climatology in order to 

account for the current climate normal time period. 

3.4 Case Studies 

 This study investigated two extreme snowfall events that occurred during two 

recent opposite winter NAO phases in the northeastern U.S.  These storms were chosen 

because the storm tracks were characteristic of the corresponding NAO phase and for 

their significant impact on the study region.  First, the winter storm of February 25-27, 

2010 was examined.  The 2009/10 winter season was dominated by a strong negative 

NAO phase, averaging -1.98 in February, and was historically active with 14 significant 

winter events including two blizzards (classified by the National Weather Service 

Hydrometeorological Prediction Center) (Table 3.2).  To put this extreme index value 

into context, the average NAO index for the month of February from 1961-2010 was 

approximately 0.07.  The strongest average NAO indices in February during this period 

were roughly 2.0 and -2.2 while the weakest was about 0.05.  Then, the winter storm of 

February 24-26 in the 2011 winter season was examined for comparison.  Although the 

NAO index was negative on average during the 2011 snowfall season, it shifted to a 

positive phase in February (averaging 0.7) and continued to stay positive through March.   
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Table 3.2:  2009-2010 Significant Winter Events (HPC 2011a).  

DATE LOCATION EVENT TYPE 

October 15-17 2009 Northern Appalachians Elevation snow 

October 28-31 2009 Central Rockies and Central Plains Snow 

November 18-20 2009 Pacific Northwest Snow 

December 7-10 2009 Southwest/Plains to New England Snow 

December 18-20 2009 Mid Atlantic/Northeast Blizzard 

December 23-27 2009 Plains and Upper Midwest Snow/Ice 

January 1-4 2010  New England/New York Snow 

January 18-22 2010 Western U.S. Heavy snow/rain 

January 28-30 2010 Southern Plains/Tennessee Valley to Mid Atlantic Snow 

February 5-6 2010 Indiana/Ohio to Mid Atlantic Blizzard 

February 8-10 2010 Midwest to Mid Atlantic Snow 

February 11-13 2010 Southern Plains to Southeast Snow 

February 25-27 2010 Northeast Snow 

March 19-21 2010 Rockies/Plains Snow 

 

 Each of these synoptic scale winter storms were analyzed using a variety of direct 

and indirect surface and upper-air observations.  Surface maps, geostationary satellite 

images (GOES), and upper air charts were obtained from the Image and Map Archive on 

the Unisys Weather website (weather.unisys.com).  Additional surface maps with radar 

composite were acquired from the Hydrometeorological Prediction Center website 

(http://www.hpc.ncep.noaa.gov/html/sfc_archive.shtml).   

 Upper-air charts were derived from initial gridded data of the Weather Research 

and Forecasting Non-hydrostatic Mesoscale Model (WRF-NMM) and display 

tropospheric conditions at the 300-hPa level, 850-hPa level, surface level pressure and 

http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/oct15_17_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/oct28_31_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/nov18_20_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/dec07_10_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/dec18_20_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/dec23_27_2009.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/jan01_04_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/jan18_22_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/jan28_30_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/feb05_06_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/feb08_10_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/feb11_13_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/feb25_27_2010.html
http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/mar19_21_2009.html
http://weather.unisys.com/archive/index.php
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1000-500-hPa thickness, and relative humidity (850-500-hPa).  These charts were used to 

diagnose the upper level support (such as advection and upper level divergence) during 

the life of the cyclones.  The 1000-500-hPa thickness charts and 850-hPa charts were 

used to locate areas of thermal advection.  The relative humidity displayed the moisture 

content of the upper level air associated with the systems.  The 300-hPa charts showed 

the location of the jet streams as well as jet streaks that carried the storms.   

 Maps of near-surface streamlines were obtained from the archive database at the 

Plymouth State Weather Center (http://vortex.plymouth.edu) at Plymouth State 

University, Plymouth, New Hampshire.  The near-surface streamlines (at 1000-hPa) 

located areas of convergence at the surface.  The 500-hPa charts of geopotential heights 

and absolute vorticity and the mean sea level pressure/1000-500-hPa thickness chart were 

acquired from the Service Records Retention System (SRRS) at the National Climatic 

Data Center (NCDC) (http://nomads.ncdc.noaa.gov/ncep/NCEP).  The 500-hPa level 

charts were used to define areas of positive vorticity (within short wave motions) 

associated with the low pressure systems and the thickness chart was used to approximate 

the rain/snow line of the winter events.  Jet stream analyses of the Northern Hemisphere 

were also obtained from the California Regional Weather Server of San Francisco State 

University (http://virga.sfsu.edu) and used to examine the large-scale wave patterns at the 

300-hPa level.   

http://virga.sfsu.edu/
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 The analysis of each storm was divided into three stages:  development 

(cyclogenesis), mature, and dissipating (cyclolosis).  The synoptic situations leading up to 

each storm were examined in detail with particular reference to the NAO.  Characteristics 

of the two winter events, particularly the storm track and subsequent precipitation, were 

evaluated at 12-hour periods.  These characteristics were compared with the results of the 

statistical and composite analyses in order to provide further explanation of the transition 

between NAO phases and how each phase may generate heavy snowfall in northeastern 

US.  
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IV. RESULTS 

 

Data analysis was conducted on a total of 82 stations based on seasonal snowfall 

totals (NDJFM) and corresponding NAO indices.  The results of the Spearman’s rank 

correlation revealed a dominant inverse relationship between the NAO index and 

seasonal snowfall.  Correspondingly, the Mann-Whitney U statistical tests showed only 

significant relationships between seasonal snowfall and the negative phase of the NAO.  

Composite analyses were constructed using seasonally (NDJFM) averaged data (SLP, 

500-hPa heights, surface air temperature, and 300-hPa vector winds) from the NCEP 

reanalysis for NAO positive and negative years.  The results of the composite analyses 

revealed a positive NAO phase as the prevailing pattern from 1961-2010, yet confirmed 

that the impacts of the NAO negative phase on the Northeast were more extreme.   

4.1 Spearman’s Rank Correlation 

 After evaluating the 82 stations, a dominant inverse relationship was found 

between the NAO index and average seasonal snowfall (NDJFM) as well as the number 

of snow days (total, light, and moderate/heavy) (Figures 4.1-4.4).   
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4.1.1 NAO and Station NDJFM Average Snowfall 

 Significant negative correlations were shown between average seasonal snowfall 

(NDJFM) and the NAO index for approximately 54% of the stations (n = 44) (Figure 

4.1).  No station exhibited a positive correlation between average seasonal snowfall and 

the NAO.  The results indicate that average seasonal snowfall is generally greater (lower) 

during negative (positive) phases of the NAO over northeastern U.S.  This was especially 

the case for the stations located along the East Coast as well as the interior southern half 

of the study region (south of New York).  The significant stations were clustered in 

southern Vermont, New Hampshire, Pennsylvania, central New Jersey, western Virginia, 

and West Virginia.  The strongest significant correlations were found in Buckhannon, 

West Virginia (rs = -0.621) and Pennington, Virginia (rs = -0.535).  The weakest 

significant correlations were in Stamford, Connecticut (rs = -0.251), Farmville, Virginia 

(rs = -0.252), and Buffalo, New York (rs = -0.254). 
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Figure 4.1: Spearman Rank Correlations:  NAO and station NDJFM average snowfall. 

 

4.1.2 NAO and Station NDJFM Number of Days with Snowfall 

 The correlations between the NAO index and total number of days with snow 

(NDJFM) exhibited the most significant results, with about 65% of stations (n = 53) at 

the 95% confidence level or higher (Figure 4.2).  The significant stations were well 

distributed throughout the study region although greater concentrations were located near 

the East Coast and within West Virginia.  Groups of significant stations were found in 

Maine, southern New Hampshire, southern Vermont, southeastern and central New York, 

Connecticut, New Jersey, eastern and northwestern Pennsylvania, Maryland, Virginia, 
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and West Virginia.  The majority of the stronger correlations (7 out of 9 stations that 

exhibited rs< -0.5) were found among stations in the southern half of the study region in 

New Jersey, Pennsylvania, Virginia, and West Virginia.  The two strongest significant 

correlations were located at Ridgway, Pennsylvania (rs = -0.655) and Buckhannon, West 

Virginia (rs = -0.656) signifying the highest number of snow days during the negative 

NAO phase.  The weakest significant correlations were located in Auburn (rs = -0.267) 

and Tupper Lake Sunmount, New York (rs = -0.269).  

 
 

Figure 4.2: Spearman Rank Correlations:  NAO and station NDJFM number of days with 

snowfall. 
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4.1.3 NAO and Station NDJFM Number of Days with Light Snowfall 

 Significant correlations between the NAO index and number of days with light 

snow (< 2.0 inches) (NDJFM) were exhibited for approximately 44% of stations (n = 36) 

at the 95% confidence level or higher (Figure 4.3).  The significant stations were 

clustered in central and southeastern New York, New Jersey, northwestern Pennsylvania, 

and West Virginia.  The strongest significant correlations were found in Ridgway, 

Pennsylvania (rs = -0.665) and Presque Isle, Maine (rs = -0.650).  Unlike the other 

correlation groupings, a considerable amount of non-significant correlations were 

displayed along the East Coast, especially in portions of New England (Massachusetts, 

Rhode Island, and Maine).  However, the weakest significant correlations, shown in 

Auburn (rs = -0.252) and Wanakena Ranger School (rs = -0.251), New York were not 

from coastal stations. 
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Figure 4.3:  Spearman Rank Correlations:  NAO and station NDJFM number of days 

with light snowfall. 

 

 

 

4.1.4 NAO and Station NDJFM Number of Days with Moderate to Heavy Snowfall 

 

 When the NAO index was compared to the number of days with moderate to 

heavy snow (> 2.0 inches) (NDJFM), about 45% (n = 37) of the stations displayed 

significant correlations (Figure 4.4).  The spatial pattern of the significant (and non-

significant) stations best resembles that of the correlation results between the NAO index 

and average seasonal snowfall.  The majority of the significant stations were located 

within the southern half of the study region (south of New York) indicating a higher 

number of days with moderate to heavy snowfall in this area during the negative NAO 

phase.  Groups of significant stations were located in New Hampshire, northeastern 
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Massachusetts, New Jersey, Delaware, eastern Maryland, western and southern Virginia, 

and West Virginia.  The strongest significant correlation was found in Buckhannon, West 

Virginia (rs = -0.618) while the weakest significant correlations were displayed in 

Bridgehampton, New York (rs = -0.262) and Pleasant Mount, Pennsylvania (rs = -0.262).   

 
 

Figure 4.4:  Spearman Rank Correlations:  NAO and station NDJFM number of days 

with moderate to heavy snowfall. 

 

 

 

4.2 Mann-Whitney U Test 

 

 The majority of the resulting ranks (average and total) of each snowfall category 

were larger in the NAO negative phase than the NAO positive phase (paralleling the 

correlation results above and confirming our hypothesis that NAO negative periods have 
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higher snowfall totals).  Almost every station exhibited a negative Z-score in each 

snowfall category (indicating that the corresponding ranks of the NAO negative phase 

were greater than the NAO positive phase) except two, which displayed a Z-score of zero 

(signifying identical rank distributions).   

 

4.2.1 NAO and Station NDJFM Average Snowfall 

 

 When comparing the NAO with average seasonal snowfall, approximately 70% (n 

= 57) of the stations displayed significant results indicating substantial differences in 

average snowfall during differing NAO phases (Figure 4.5).  Of these significant stations, 

22% (n = 18) were at the 99% confidence level, 39% (n = 32) at the 95% confidence 

level, and 9% (n = 7) at the 90% confidence level.  The stations with the highest 

confidence were located along the East Coast as well as within West Virginia, Virginia, 

New Jersey, southeastern New York, and the southern half of New England.  The stations 

with non-significant results were mostly located within western and central New York, 

northern Vermont, and interior Maine similar to those in the Spearman’s rank correlation 

results.   
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Figure 4.5:  Mann-Whitney U Test:  NAO and station NDJFM average snowfall.  The 

confidence levels are based on Z-scores and show significant differences between the 

NAO phases. 

 

 

4.2.2 NAO and Station NDJFM Number of Days with Snowfall 

  

 Every station generated a negative Z-score when the NAO was compared to the 

number of days with snow.  This grouping also had the highest percentage of significant 

stations (77%, n = 63) which signified considerable differences in the number of snow 

days between the two NAO phases.  Of these stations, 41% (n = 34) were significant at 

the 99% confidence level, 27% (n = 22) at the 95% confidence level, and 9% (n = 7) at 

the 90% confidence level (Figure 4.6).  The significant stations were more spatially 
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disbursed within the region than those between the NAO and average seasonal snowfall.   

Clusters of stations exhibiting the highest confidence were displayed within central New 

England (southern Vermont and New Hampshire), southeastern New York, New Jersey, 

northern Pennsylvania, eastern Maryland, northern and eastern Virginia, and West 

Virginia.  

 
 

Figure 4.6:  Mann-Whitney U Test:  NAO and station NDJFM number of days with 

snowfall.  The confidence levels are based on Z-scores and show significant differences 

between the NAO phases. 

 

 

4.2.3 NAO and Station NDJFM Number of Days with Light Snowfall 

 

 In the analysis of the NAO and the number of days with light snowfall, 73% (n = 

60) of the stations exhibited significant results (Figure 4.7) with 34% (n = 28) at the 99% 
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confidence level, 28% (n = 23) at the 95% confidence level, and 11% (n = 22) at the 90% 

confidence level.  Similar to the results of the NAO and days with snowfall (4.1.2), the 

significant stations showed an even spatial distribution across the study region.  Stations 

displaying the highest confidence were grouped in southern Vermont, eastern and central 

New York, New Jersey, northern Pennsylvania, northern Virginia, and West Virginia. 

 
 

Figure 4.7:  Mann-Whitney U Test:  NAO and station NDJFM number of days with light 

snowfall.  The confidence levels are based on Z-scores and show significant differences 

between the NAO phases. 

 

 

4.2.4 NAO and Station NDJFM Number of Days with Moderate to Heavy Snowfall 

 

 When the NAO was evaluated with the number of days with moderate to heavy 

snowfall, all of the resulting Z-scores were negative and 67% of the stations displayed 
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significant results (Figure 4.8).  Of these stations, 22% (n = 18) were significant at the 

99% confidence level, 34% (n = 28) at the 95% confidence level, and 11% (n = 9) at the 

90% confidence level.  Similar to the average and light snowfall results, the southern 

portion of the study region contained the majority of the significant stations.  Those at the 

highest confidence level were mainly located near the East Coast and were clustered 

within central New England, New Jersey, northern Delaware, Virginia, and West 

Virginia.   

 
 

Figure 4.8:  Mann-Whitney U Test:  NAO and station NDJFM number of days with 

moderate to heavy snowfall.  The confidence levels are based on Z-scores and show 

significant differences between the NAO phases. 
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4.3 Composite Analysis 

Seasonal composites (or averages) (NDJFM) of the mean and standardized 

anomalies of atmospheric variables consisting of surface air temperature, SLP, 500-hPa 

heights, and 300-hPa vector winds from the NCEP/NCAR Reanalysis were created for 

the NAO positive and negative years throughout the 50-year study period (previously 

displayed in Table 3.2).  The images were provided by the NOAA/ESRL Physical 

Sciences Division, Boulder Colorado from their website (http://www.esrl.noaa.gov/psd/).  

The results indicated that the positive NAO phase was the dominant pattern from 1961-

2010, but the NAO negative years produced a higher frequency of snowfall days and 

amounts.   

4.3.1 Surface Air Temperature  

 The composite analysis of seasonal (NDJFM) seasonal surface air temperature 

anomalies of the NAO positive years did not show much of an increase in temperature 

over the Northeast (only about 0.5°C in Virginia) but did display the colder air staying to 

the north over Canada (Figure 4.9a).  The surface air temperature anomalies of the NAO 

negative years displayed lower temperatures intruding the central and eastern U.S. from 

western Canada (Figure 4.9b).  Temperatures over the Northeast exhibited decreases of 

approximately -1 to -2°C.  However, the composite analysis of mean surface air 

temperature of NAO positive years minus NAO negative years displayed an increase in 

temperature mainly in the central and eastern U.S. (Figure 4.10).  The spatial distribution 
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of warmer temperatures is similar to that of the cold air in the composite analysis of 

anomalies for NAO negative years (Figure 4.9b).  The higher temperatures extend over 

most of the Northeast (less in Maine) and demonstrate an increase of roughly 1°C.  The 

mean composite analysis of surface air temperature indicates a positive NAO phase as the 

average pattern over the study period.  The slightly warmer temperatures suggest a milder 

winter over the Northeast with fewer polar outbreaks which is characteristic of the NAO 

positive phase. 

 

Figure 4.9:  Composite analysis of seasonal surface air temperature (°C) anomalies 

expressed as departures from the 1981-2001 means during (a) NAO positive years and 

(b) NAO negative years from 1961-2010 (Data source: Kalnay et al. 1996). 

(a) 
(b) 
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Figure 4.10:  Composite analysis of seasonal mean surface air temperature (°C) of NAO 

positive years minus NAO negative years from 1961-2010 (Data source: Kalnay et al. 

1996). 

 

4.3.2 Sea Level Pressure 

 The composite analysis of seasonal (NDJFM) SLP anomalies of the NAO positive 

years displayed above average SLP in much of the eastern U.S. (Figure 4.11a).  The SLP 

anomalies over the Northeast demonstrated the greatest effect with higher pressures by 

approximately 0.5 to 1-hPa.  Conversely, the seasonal SLP anomalies of the NAO 

negative years showed below normal surface pressures over the eastern U.S. (Figure 

4.11b).  Again, the Northeast exhibited the largest influence with lower pressures of 

about 2-hPa.  The resulting SLP anomalies of the NAO negative years indicate a more 
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meridional circulation pattern leading to the southward progression of storm tracks with 

more potential to generate NEWS.  Therefore, it is evident that the seasonal surface 

pressure in the Northeast is significantly impacted by the NAO, especially during the 

negative phase.  The composite analysis of the seasonal mean SLP of NAO positive years 

minus NAO negative years displayed higher surface pressures (by about 2-3-hPa) over 

the Northeast (Figure 4.12) indicating a stronger Azores High (and Icelandic Low) and 

thus, a positive NAO phase pattern.   

 

Figure 4.11:  Composite analysis of seasonal SLP anomalies expressed as departures 

from the 1981-2001 means during (a) NAO positive years and (b) NAO negative years 

from 1961-2010 (Data source: Kalnay et al. 1996). 

(a) (b) 
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Figure 4.12:  Composite analysis of seasonal mean SLP of NAO positive years minus 

NAO negative years from 1961-2010 (Data source: Kalnay et al. 1996). 

 

4.3.3 500-hPa Geopotential Heights 

 Variations in SLP consequently impact 500-hPa geopotential height.  The 

composite analysis of seasonal (NDJFM) 500-hPa geopotential height anomalies of the 

NAO positive years displayed above normal heights over central and eastern U.S. (Figure 

4.13a).  The highest heights were positioned over the southern states of the Northeast 

(southern Pennsylvania, New Jersey, Maryland, Delaware, Virginia, and eastern West 

Virginia) and demonstrated increases in 500-hPa of approximately 20 meters.  

Alternatively, the seasonal 500-hPa geopotential height anomalies of the NAO negative 
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years showed below normal heights over the entire country (Figure 4.13b).  The lowest 

heights were located over much of the Northeast (except northern New York and 

northern New England), the northeastern Mid-Atlantic, and the eastern Great Lakes 

regions and exhibited decreases in 500-hPa geopotential height of about 40-50 meters.  

The decreases in height during the NAO negative phase indicate an extension of the 

surface trough which influences storm track and may lead to cold air drainage.  

Consistent with the results of the composite mean analysis of surface air temperature and 

SLP, the composite mean of 500-hPa geopotential height indicated a positive NAO phase 

pattern for the 50-year period (Figure 4.14) displaying increased heights over the 

Northeast due to the influence of increased heights near the Azores.  Since mid-latitude 

storms accompany lower height pressure areas, these results indicate a northward shift in 

the storm track which generally occurs during the positive phase of the NAO.   

 

Figure 4.13:  Composite analysis of seasonal 500-hPa geopotential height anomalies 

expressed as departures from the 1981-2001 means during (a) NAO positive years and 

(b) NAO negative years from 1961-2010 (Data source: Kalnay et al. 1996). 

(a) (b) 
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Figure 4.14:  Composite analysis of seasonal mean 500-hPa geopotential height of NAO 

positive years minus NAO negative years from 1961-2010 (Data source: Kalnay et al. 

1996). 

 

4.3.4 300-hPa Vector Winds 

 Greater differences in the mean distribution of SLP over the Northern Hemisphere 

increase the pressure gradients, generate stronger surface winds that extend into the lower 

stratosphere, and create a jet stream from the eastern U.S. to northern Europe (often 

correlating with the path of storms).  Wind vectors and isotachs (ms
-1

) at 300-hPa denote 

the positions of the jet stream.  The composite analysis of seasonal (NDJFM) 300-hPa 

vector wind anomalies of the NAO positive years showed stronger than average westerly 

winds within the polar jet stream of approximately 4-5 ms
-1

 and a weaker subtropical jet 
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stream (Figure 4.15a).  In opposition, the seasonal 300-hPa vector wind anomalies of the 

NAO negative years displayed the subtropical jet stream to be stronger than normal with 

an increase in southwesterly winds by about 6 ms
-1

 (indicating a northward shift in the 

jet) (Figure 4.15b).  This increase furthers the interaction among the polar and subtropical 

jet as well as strengthens the upper level divergence of a surface low (out of the jet exit 

region).  The composite analysis of NAO negative years also exhibited weaker than 

normal westerly flow over Canada and the Northeast (within the polar jet stream) which 

allows the cold air to propagate south into the U.S.  The composite mean of 300-hPa 

vector winds resembled the positive NAO phase pattern with an increase in westerly 

winds within the polar jet stream near 10-12 ms
-1

 and a decrease in flow of the 

subtropical jet stream (Figure 4.16).  The stronger westerly winds over Canada keep the 

cold, polar air from invading the U.S. consequently reducing the amount extreme winter 

storms in the U.S. 

 

Figure 4.15:  Composite analysis of seasonal 300-hPa vector wind anomalies expressed 

as departures from the 1981-2001 means during (a) NAO positive years and (b) NAO 

negative years from 1961-2010 (Data source: Kalnay et al. 1996). 

(a) (b) 
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Figure 4.16:  Composite analysis of seasonal mean 300-hPa vector winds of NAO 

positive years minus NAO negative years from 1961-2010 (Data source: Kalnay et al. 

1996). 
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V. CASE STUDIES 

 

 Two extreme snowfall events that occurred during two recent opposite winter 

NAO phases in the northeastern U.S., February 25-27, 2010 (negative NAO) and 

February 24-26, 2011 (positive NAO), were examined to provide explanations for the 

discrepancies found in the statistical analysis.  Some inconsistencies included stations 

displaying non-significant results and their spatial distribution.  Thus, the storms were 

evaluated to illustrate why some stations were found not significant (due to the potential 

occurrence of snowfall regardless of the NAO phase) and to display the spatial pattern of 

snowfall distribution that commonly occurs with each phase.  The following synoptic 

overviews present the life stages (developing, mature, and dissipating) of the two winter 

events and detail the meteorological events that produced heavy snowfall over the 

Northeast in both NAO phases.  

5.1 February 25-27, 2010 – Northeast U.S. Winter Storm 

 During the boreal winter of 2010 (December to February), winter storms passed 

over the eastern U.S. almost weekly, overwhelming some of the largest cities in the 

country (Wilmington, Delaware; Philadelphia and Pittsburgh, Pennsylvania; Atlantic 

City, New Jersey; Baltimore, Maryland; Washington D.C.; and New York City).  During 

the season’s snowstorms, states of emergency were declared for many Northeast states, 
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millions of people lost power, most flights and schools were cancelled, and roads and 

transportation services were closed (Kelly 2010).  This winter was nicknamed 

“Snowmageddon” for being the snowiest winter in history for the East Coast (NASA 

2011) and was dominated by a strong negative NAO phase.  The winter storm of 

February 25-27
th

 developed as a deepening surface low off the coast of the Carolinas, 

progressed slowly along the East Coast, and encountered a large closed upper low from 

the Midwest which resulted in the two systems stacking over the Northeast.  The intense 

low pressure system surged warm, moist air from the Atlantic Ocean into the Northeast 

producing mainly rain along the eastern side of the cyclone and snow on the western side 

as the moisture wrapped around the system and encountered colder air.  Heavy lake effect 

snow was generated southeast of Lake Erie as the moisture was circulated further west.  

Correspondingly, heavy orographic snow was produced along the western slopes of the 

Appalachians due to the continuing circulation of moisture from the northwest.  Although 

the largest snowfall amounts (over 2 feet) occurred across regions of higher terrain 

(Poconos, Catskills, Green and White mountains), heavy snowfall (between 8 and 12 

inches) crippled many populated cities including New York City, Trenton, Albany, 

Cleveland, and Charleston (West Virginia) (Figure 5.1) (HPC 2011a).  
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Figure 5.1:  Snowfall accumulations from the February 25-27
th

 winter storm (HPC 

2011a).  The green numbers represent local totals. 

 

 5.1.1 Development Stage (Cyclogenesis) 

 On February 24
th 

(12Z, 7:00 am EST), the polar jet stream split over the Great 

Plains (Figure 5.2a) and allowed cold dry air from Canada to invade the central U.S. 

behind a deep trough.  The 300-hPa analysis of the Northern Hemisphere indicates a 

negative NAO phase pattern with weakened surface westerlies and a southward 

progression of the jet stream (over the U.S.) flowing southwest to northeast (meridional 

flow) across the Atlantic Ocean (Figure 5.2b).   

http://www.hpc.ncep.noaa.gov/winter_storm_summaries/graphics/2009_2010/winwx20100227.gif
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Figure 5.2:  (a) U.S. Jetstream analysis and (b) Northern Hemisphere Jetstream analysis 

displaying Rossby wave configuration at 12Z on February 24
th

 (CRWS 2012). 

 

Looking at the surface (Figure 5.3), a low pressure system was situated over the Great 

Lakes and was accompanied by a massive cold front generated from the intrusion of the 

continental polar air mass associated with the split flow of the jet stream.  An area of 

strong high pressure advanced from Canada carrying below freezing temperatures well 

into the central Great Plains and pushed the low pressure system eastward.  A second 

surface low was positioned off the Atlantic coast east of South Carolina and a stationary 

front was located over Florida, separating a warm maritime tropical air mass from a 

maritime polar air mass (from the northeast).  Both areas of low pressure were detected 

by the convergence of streamline winds at the surface (Figure 5.4). 

(a) (b) 
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Figure 5.3:  Surface map at
 
12Z (7:00 am EST) on February 24

th
 (Unisys 2012). 
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Figure 5.4:  Surface streamlines at 12Z on February 24
th

 (Plymouth 2012). 

 

 Light precipitation was generated around the low pressure system over the 

Midwest due to an influx of moisture from the Great Lakes and the passing of the strong 

cold front (Figure 5.5).  Heavier precipitation was occurring over the Northeast 

associated with the occlusion of a previous low pressure system (bring relatively warmer, 

moist air from the Atlantic over cooler land).  Precipitation was also generated over the 

Southeast as the cold, dry polar air mass approached the warm, moist maritime tropical 

air mass.  As the cold air progressed further southeast, this area of instability and thermal 

contrast amplified and contributed to the cyclogenesis of the low pressure system off the 
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coast near South Carolina.  This was a result of the northeastward progression of the low 

pressure system (associated with the stationary front) over the Gulf of Mexico following 

the subtropical jet stream. 

 

Figure 5.5:  Surface analysis with radar composite at 12Z on February 24
th

 (HPC 2012). 

 Upper-air observations display strong thermal contrasts and surges of moisture 

over the regions of precipitation at the surface.  The high moisture content of the air over 

the Southeast originating from the Gulf of Mexico was transported by the strong 

subtropical jet stream (at 300-hPa) flowing northeastward over the Gulf of Mexico and 

Florida (Figure 5.2).  The 850-hPa chart (Figure 5.6) shows very weak cold air advection 
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(CAA) and strong temperature gradients over the Southeast where the precipitation was 

occurring at the surface.  Weak warm air advection (WAA) was apparent over the 

Northeast (north of the occluding low pressure center) where the temperature gradients 

were tighter and the precipitation was more pronounced.  The 1000-500-hPa chart 

(Figure 5.7) displays thickness advection occurring over the Mississippi River Valley 

associated with the passing of the massive cold front at the surface.   

 

Figure 5.6:  Height contours (white lines), temperature gradients (colored contours), and 

wind vectors (white arrows) at the 850-hPa level at 12Z on February 24
th

 (Unisys 2012).  

The white boxes indicate areas of advection.   
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Figure 5.7:  Contours of sea level pressure (blue lines) and 1000-500-hPa thickness 

(yellow/brown dotted lines) at 12Z on February 24
th

 (Unisys 2012).  The white box 

indicates an area of thickness advection. 

 

Looking at the 500-hPa geopotential heights, an area of positive vorticity remained 

within the polar jet stream around the low pressure system over the Great Lakes (Figure 

5.8).  A second, stronger area of positive vorticity (with a strong vorticity maximum near 

30 x 10
-5 

s
-1

) was located to the left of the deep trough (over Texas) on the north side of 

the subtropical jet stream.   
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Figure 5.8:  Height contours (solid lines) and isopleths of absolute vorticity (dashed lines) 

at the 500-hPa level at 12Z on February 24
th

 (NCDC 2012). 

 

 By the evening of the 24
th

 (7:00 pm EST, 0Z February 25
th

), the large cold front 

transitioned into a stationary front over western and northeastern U.S. (Figure 5.9).  The 

surface low off the East Coast deepened (from 1008 at 12Z on February 24
th

 to 1005 mb) 

and began to form distinct frontal boundaries (frontogenesis) as it was joined by the low 

pressure region previously located over the Gulf of Mexico associated with the stationary 

front over Florida.  The precipitation over the Southeast intensified and migrated 
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northeast along the coast.  Precipitation continued over the Northeast (moving just 

slightly northeast over New England) since the cold front transitioned into a quasi-

stationary front and did not force the occluded low off the coast. 

 

 

Figure 5.9:  Surface analysis with radar composite at 0Z on February 25
th

 (HPC 2012).   

 

 Aloft, the CAA over the Southeast strengthened as the cold, dry air advanced 

further south-southeast and interacted with the warm, moist air over the Georgia, Florida, 

and the Carolinas creating more instability and uplift (Figure 5.10a).  The 850-hPa chart 
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shows the upper low pressure centers merging and their positions just to the west of the 

surface lows indicating a positive tilting system.  It also displays the weak WAA over 

New England increasing due to the inflow of stronger winds from the Atlantic which 

correlated to the more intense areas of precipitation over southern Maine (Figure 5.9).  

The 1000-500-hPa thickness chart (Figure 5.10c) correspondingly displays an increase in 

thickness advection associated with the trough over the Southeast, thus supporting the 

precipitation occurring at the surface (Figure 5.9).  The 850-500-hPa (Figure 5.10d) 

shows an increase in moisture content of the air along the East Coast as the low pressure 

systems circulated warm, moist air (from the Gulf of Mexico and the south Atlantic) as 

they progressed northward. 
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Figure 5.10:  Upper level analysis for 0Z on February 25
th

:  (a) height contours (white 

lines), temperature gradients (colored contours), and wind vectors (white arrows) at the 

850-hPa level, (b) height contours (white lines), isotachs (colored contours), and wind 

vectors (white arrows) at the 300-hPa level, (c)  contours of sea level pressure (blue lines) 

and 1000-500-hPa thickness (yellow/brown dotted lines), (d) contours of relative 

humidity (color) and lifted index (white lines) from 850-500-hPa (Unisys 2012). 

 

 At the 300-hPa level, the subtropical jet stream progressed northward, converged 

with the split portion of the polar jet, and intensified over the Southeast (Figure 5.10b).  

The curvature of the trough amplified and formed a closed contour around the upper low.  

A jet streak of approximately 140-180 knots was positioned just behind the surface low 

off the coast of Florida suggesting intensification and upper level support (divergence).  

(a) (b) 

 

(c) (d) 



 

 

 

81 

 

The positive vorticity associated with the low pressure system over the Great Lakes 

intensified, joined the region of positive vorticity over the Southeast, and began to curve 

around the low pressure center (Figure 5.11).  The location of the strong (>20 x 10
-5

 s
-1

) 

vorticity maximum (near 32 x 10
-5 

s
-1

) within the region of positive vorticity over the 

Southeast was relative to the jet streak within the subtropical jet at the 300-hPa level 

(Figure 5.10b). 

 

Figure 5.11:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at 0Z on February 25
th

 (NCDC 2012). 
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 With the stationary front (and high pressure) over the Great Plains blocking the 

relatively warmer, moist air to the west, the continental polar air was able to continue to 

surge into the central U.S. and drive the low pressure system over the Great Lakes further 

east toward the mid-Atlantic (Figure 5.12).  At this time (12Z, 7:00 am EST on February 

25
th

), the surface low began to progress further up the coast carrying the precipitation 

over the Northeast and continued to strengthen lowering to 994-hPa as the pressure 

gradients tightened (due to the contrast between the Gulf Stream and the intruding polar 

air).  

 

Figure 5.12:  Surface analysis with radar composite at 12Z on February 25
th

 (HPC 2012). 
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 The WAA and CAA around the coastal lows increased dramatically as the 

approaching cold front and associated low pressure system moving east of the Great 

Lakes strengthened both the height and temperature gradients (Figure 5.13a).  The WAA 

was positioned offshore at this time implying an occlusion of the system and the CAA 

was located along the coast.  Subsidence succeeding the CAA became noticeable with 

clear conditions behind the cold front over the Atlantic Ocean (Figure 5.14).  Similarly, 

the thickness advection also increased over the oceanic coast around the lows as the 

contours crossed at significant angles but was absent further inland (Figure 5.13c).  The 

influx of moist air from the Atlantic Ocean (Figure 5.13d) corresponding to the location 

of WAA and the precipitation at the surface. 
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Figure 5.13:  Same as Figure 5.10 except for 12Z on February 25
th

 (Unisys 2012).
  

 

 

(a) (b) 

(c) (d) 
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Figure 5.14:  Infrared satellite image at 12Z on February 25
th

 (Unisys 2012). 

 At the 300-hPa level, the jet streak (over Florida) behind the coastal lows 

increased to approximately 150 to 170 knots (Figure 5.13b) as the polar and subtropical 

jet began to merge.  Positive vorticity continued to wrap around the low pressure system 

in the north and intensify ahead of the low pressure center aloft (Figure 5.15) due to 

increased rotation and surface convergence (Figure 5.16). 
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Figure 5.15:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at 12Z on February 25
th

 (NCDC 2012). 

 

At this time, the map of streamlines showed fairly strong convergence at the surface over 

the northeast (Figure 5.16).  Convergence at the surface along with high values of 

vorticity upstream created the ideal environment for positive vorticity advection (PVA).  

The presence of advection aloft (WAA, CAA, thermal, and PVA) and convergence at the 

surface indicate the continuance of upper level support.  As the vorticity increased due to 

the progression of the jet streak (within the jet stream), greater wind shear and upper level 

divergence was generated.   
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Figure 5.16:  Surface streamlines at 12Z on February 25
th

 (Plymouth 2012).  The blue 

circle indicates an area of strong surface convergence. 

 

5.1.2 Mature Stage 

 During the evening on February 25
th

 (7:00 pm EST, 0Z February 26
th

), the three 

low pressure centers merged over the Northeast and strengthened into a single, intense, 

surface low (Figure 5.17).  The resulting low pressure center deepened to 980-hPa 

(almost “bomb” cyclogenesis) with a strong surface pressure gradient.  The cold front 

northwest of the low center stalled out and became a warm front due to warm air from the 
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Atlantic advancing further inland (with the counterclockwise rotation around the low 

pressure system) and overtaking the cold air over the Great Lakes.  An occluded front 

appeared to the right of the low center indicating the advancement of the previous cold 

front over the Atlantic (catching up and merging with the warm front).  As a result, 

precipitation intensified across the Northeast.   

 

Figure 5.17:  Surface analysis with radar composite at 0Z on February 26
th

 (HPC 2012) 

At this time, the precipitation in the northern region of the Northeast was mainly rain.  

This was indicated by the location of the 5400 meter height contour on the 1000-500-hPa 

thickness chart (Figure 5.18) which is commonly used to estimate rain/snow lines of 
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winter storms east of the Rocky Mountains.  The classic comma shaped cloud formation 

became noticeable on the satellite image as well as the surge region (influenced by the jet 

and positive vorticity) located under the comma head (Figure 5.19).  

 

Figure 5.18:  (a) Mean sea level pressure/1000-500-hPa thickness (NCDC 2012) and (b) 

surface map with radar composite at 0Z on February 26
th

 (right) (HPC 2012).  The red 

line on the thickness chart highlights the 5400 meter height contour used as the rain/snow 

boundary. 

(a) (b) 



90 

 

 

Figure 5.19:  (a) Infrared satellite image (Unisys 2012) and height contours (solid lines) 

and (b) isopleths of absolute vorticity (dashed lines) at the 500-hPa level (NCDC 2012) at 

12Z on February 26
th

 

 

At the 850-hPa level, CAA continued to strengthen (just offshore over the Gulf Stream) 

as the height contours around the low tightened dramatically and became perpendicular to 

the temperature gradients generating more uplift ahead of the low and subsidence behind 

(Figure 5.20).  Thickness advection also continued to increase creating uplift and 

strengthening the system (Figure 5.21). 

(a) (b) 
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Figure 5.20:  Height contours (white lines), temperature gradients (colored contours), and 

wind vectors (white arrows) at the 850-hPa level at 0Z on February 26
th

 (Unisys 2012). 
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Figure 5.21:  Contours of sea level pressure (blue) and 1000-500-hPa thickness 

(yellow/brown dotted lines) at 0Z on February 26
th

 (Unisys 2012). 

 

5.1.3 Dissipating Stage (Cyclolosis) 

 By the morning of February 26
th

 (7:00 am EST, 12Z), the occluded front began to 

pull behind the low center (which remained at 980-hPa) indicating cyclolosis as the 

system retrograded (exhibiting a classic Nor’easter configuration) (Figure 5.22).  The 

warm front northwest of the center transitioned into a stationary front as cold polar air 

(and a dome of high pressure) continued to progress southeastward and meet warmer, 

moist air.  A short wave also appeared in the deep trough associated with the system.   
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Figure 5.22:  Surface map at 12Z on February 26
th

 (Unisys 2012). 

As the occluded front advanced, it pushed some of the precipitation northward over 

Maine.  Precipitation decreased over New York with the passing of the warm front (now 

a stationary front) but increased west of the low center over Pennsylvania, Ohio, and 

Michigan which was mainly snow (Figure 5.23).  Orographic snow was produced by the 

strong northwesterly flow (from the counterclockwise rotation around the low) into the 

western slopes of the Appalachian Mountains.  Lake enhanced snow occurred southeast 

of Lake Erie due to additional moisture reaching further west. 
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Figure 5.23:  (a) Mean sea level pressure/1000-500-hPa thickness (NCDC 2012) and (b) 

surface map with radar composite at 12Z on February 26
th

 (HPC 2012).  The red line on 

the thickness chart highlights the 5400 meter height contour used as the rain/snow 

boundary. 

 

 Above the surface, a pocket of cold polar air provided a significant temperature 

gradient over the Great Lakes allowing the lake effect snow to form by means of CAA 

(Figure 5.24).  Although the CAA was minimal (mostly confined to the Appalachian 

Mountains), the stationary front provided time for the cold air to advect relatively warm 

moisture as it gradually passed over the lakes.  Even though the system became occluded 

or “wrapped”, precipitation continued over Maine with the aid of stronger winds aloft 

(remnants of the polar jet at 300-hPa) (Figure 5.25).  At this time, the upper low 

developed a cold core and migrated just to the east of the surface low but was not quite 

vertically stacked.   

(a) (b) 
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Figure 5.24:  Height contours (white lines), temperature gradients (colored contours), and 

wind vectors (white arrows) at the 850-hPa level at 12Z on February 26
th

 (Unisys 2012). 
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Figure 5.25:  Height contours (white lines), isotachs (colored contours), and wind vectors 

(white arrows) at the 300-hPa level at 12Z on February 26
th

 (Unisys 2012). 

 

Positive vorticity remained strong with a vorticity maximum near 32 x 10
-5

 s
-1

 (Figure 

5.26a) and was positioned slightly ahead of convergence at the surface circulating the low 

center (Figure 5.26b).  The circulating convergence indicated the occlusion of the system 

as well as the initial loss of PVA and upper level divergence.  However, the strong 

vorticity assisted in sustaining the life cycle of the cyclone and correlated with the current 

location of precipitation over the Northeast. 
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Figure 5.26:  (a) Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level (NCDC 2012) and (b) surface streamlines (Plymouth 2012) at 

12Z on February 26
th

. 

 

 On the evening of February 26
th

 (7:00 pm EST, 0Z February 27
th

), cyclolosis 

continued as the pressure gradients weakened and the surface low center started rise in 

pressure to 986-hPa (Figure 5.27a).  This pattern continued over the next 36 hours 

(Figure 5.27) yet precipitation persisted over the Northeast.   

 

(a) (b) 
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Figure 5.27:  Surface analysis with radar composite at (a) 0Z and (b) 12Z on February 

27
th

 and at (c) 0Z and (d) 12Z on February 28
th

 (HPC 2012). 

 

 Continuation of cyclolosis (at 0Z February 27
th

) was also indicated by further loss 

of upper level support as the surface low center became vertically stacked with the upper 

low at 300-hPa (5.28a).  The WAA and CAA significantly declined as the temperature 

gradients weakened (Figure 5.28b).  The cold core low appeared out of the main 

(westerly) flow of the jet stream (Figure 5.28c), thus becoming a cut-off low and 

(a) (b) 

(c) (d) 
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retrograded to the west.  However, the low was blocked by the advancing dome of high 

pressure from Canada and stalled over the Northeast.  This allowed for the persistent 

influx of moisture (from the Gulf, Atlantic, and Great Lakes) (Figure 5.28d) to circulate 

around the northeast (Figure 5.29) and produce the ongoing precipitation (Figure 5.27). 

 

Figure 5.28:  Upper level analysis for 12Z on February 27
th

 and 0Z on February 28
th

:  (a) 

height contours (white lines), isotachs (colored contours), and wind vectors (white 

arrows) at the 300-hPa level and (b) height contours (white lines), temperature gradients 

(colored contours), and wind vectors (white arrows) at the 850-hPa level for 12Z on 

February 27
th

; (c) height contours (white lines), isotachs (colored contours), and wind 

vectors (white arrows) at the 300-hPa level and (d) height contours (white lines), 

temperature gradients (colored contours), and wind vectors (white arrows) at the 850-hPa 

level for 0Z on February 28
th

 (Unisys 2012). 

(a) (b) 

(c) (d) 
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Figure 5.29:  Infrared satellite image at 0Z on February 27
th

 (Unisys 2012). 

 

 By the morning of the 28
th

 (7:00 am EST, 12Z), the low center weakened to 1000-

hPa and the low pressure system became very disordered (Figure 5.30).  However, it is 

interesting to note that two baroclinic leaf cloud shields developed over the Atlantic at 

this time.  The leaf cloud to the north developed within the jet stream off the East Coast 

due to additional cold air progressing southeast (creating a greater temperature gradient).  

The second leaf cloud to the south developed as the jet stream pushed into the western 

edge of separate low pressure system.  Although the region of positive vorticity did not 

significantly weaken, it did rotate completely around the low center signifying no 

advection or divergence aloft (Figure 5.31).  Thermal advection (WAA and CAA) was 

nonexistent around the low as the temperature became uniform about the center (Figure 

5.32a, c).  Precipitation began to dissipate as the jet stream weakened to the south and 

cutoff the supply of warmer moisture from the Gulf of Mexico (Figure 5.32b, d). 
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Figure 5.30:  (a) Surface analysis with radar composite (HPC 2012) and (b) infrared 

satellite image (Unisys 2012) at 12Z on February 28
th

.  

 

(a) (b) 
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Figure 5.31:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at 12Z on February 28
th

 (NCDC 2012). 
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Figure 5.32:  Same as Figure 5.10 except for 12Z on February 28
th

 (Unisys 2012). 

  

5.2 February 24-26, 2011 - Central and Eastern U.S. Heavy Precipitation Event 

 Although the 2011 winter season exhibited a negative NAO index on average, it 

shifted significantly positive in February (averaging 0.7) and continued through March.  

The February 24-26
th

 winter storm generated heavy rain and snow as well as severe 

thunderstorms throughout the central and eastern U.S. as a surface low developed in the 

southern Great Plains and progressed northeastwards across the Ohio Valley to the 

Northeast.  Heavy snow and rain occurred north of the low pressure center and the warm 

(a) (b) 

 

(c) (d) 
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front as the polar air mass from the north collided with the maritime tropical air mass to 

the south.  Severe thunderstorms transpired within the warm sector of the system on 

February 24
th

 and produced damaging winds, hail, and tornadoes over the Mississippi 

River Valley (HPC 2011b).  When the low pressure system reached the Northeast, an 

additional cold front progressed south toward the area and intensified the system.  

Consequentially, the snowfall was enhanced over the Northeast as colder air converged 

with warm, moist air from the Atlantic and resulted in the largest snowfall accumulations 

(12 to 15 inches) from New York to Maine (Figure 5.33). 

 

 

Figure 5.33:  Snowfall accumulations for February 24-26
th

 winter storm (HPC 2011b) 
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5.2.1 Development Stage (Cyclogenesis) 

 On February 23
nd

 (7:00 pm EST, 0Z), the 300-hPa analysis of the Northern 

Hemisphere indicated a positive NAO phase pattern with a northward shift in the jet 

stream (also exhibiting a split flow pattern) across the U.S. and Europe (Figure 5.34).  By 

the morning of February 23
rd

 (7:00 am EST, 12Z), a low pressure center (near 1005-hPa) 

had developed over the southern Great Plains along a quasi-stationary frontal boundary 

separating maritime polar air masses (northwest and northeast) from a maritime tropical 

air mass (southeast) (Figure 5.35).  To the north, a continental polar air mass was 

beginning to invade the northern U.S. 

 

Figure 5.34:  (a) Northern Hemisphere Jetstream analysis and (b) U.S. Jetstream analysis 

displaying Rossby wave configuration at 0Z on February 23
rd

 (CRWS 2012). 

 

(a) (b) 
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Figure 5.35:  Surface analysis with radar composite at 12Z on February 23
rd

 (HPC 2012). 

Also at the surface, a significant dryline developed over the Texas panhandle separating 

dry air to the west originating from the arid regions of the southwestern U.S. and high 

plateau of Mexico and moist air to the east from the Gulf of Mexico.  The dryline was 

formed out of a lee trough (downstream of the Rockies), as a result of adiabatic 

compression and warming of sinking air on the lee slope of the mountains, and pulled the 

moist air from the Gulf northwestward and the dry air from the Southwest northeastward 

(Figure 5.36). 
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Figure 5.36:  Surface streamlines at 12Z on February 23
rd

 (Plymouth 2012).  The black 

arrows identify the direction of convergence associated with the dryline over Texas. 

 

 In the upper levels of the atmosphere, strong westerly winds were prevalent over 

the U.S. (Figure 5.37, top right).  The 850-hPa chart indicated moderate WAA to the west 

of the upper low over Arkansas, Illinois, and Missouri (Figure 5.37a).  Similarly, the 

thickness chart showed thermal advection occurring over the area (Figure 5.37c).  The 

850-500-hPa relative humidity chart displayed a region of moisture and instability 

located just to the southwest of the surface low center (ahead of the dryline), due to the 

influx of moist air from the Gulf (Figure 5.37d).  A small jet streak (approximately 110 to 
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120 knots) located within the subtropical jet stream was situated directly over the region 

of instability (indicated by the shaded area on Figure 5.37b).  The jet stream carried the 

destabilized air west-northwest (into a region of higher moisture) corresponding to the 

location of the advection and the subsequent light precipitation at the surface (Figure 

5.35).  A short wave in the upper level trough (associated with the split flow of the jet 

stream) was also apparent over southwest California which contributed to the 

development of the system as it progressed east.   

 

Figure 5.37:  Same as Figure 5.10 except for at 12Z on February 23
rd

 (Unisys 2012). 

 

(a) (b) 

(c) (d) 
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 Twelve hours later (0Z February 24
th

), a large cold front developed over the 

central U.S. due to the southward progression of the continental polar air mass and the 

low pressure center over the southern Great Plains deepened to 1002-hPa (Figure 5.38).  

The stationary front associated with the low pressure center further developed and 

extended east from Oklahoma to Kentucky as a maritime polar air mass advanced south 

over the central Great Plains.  Additional precipitation occurred as the continental polar 

air mass approached relatively warmer, moist air near the Great Lakes. 

 

Figure 5.38:  Surface map at 0Z on February 24
th

 (Unisys 2012). 
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 The orientation of the 1000-500-hPa thickness contours displayed a weak 

thickness gradient over the eastern U.S. corresponding to the persistent separation of the 

air masses and the stationary front (Figure 5.39c).  Warm, dry air continued to surge into 

the Southwest strengthening the temperature gradients over this area at the 850-hPa level 

(Figure 5.39a).  Although the WAA (over the Texas Panhandle and Oklahoma) 

associated with the low pressure center was weak (Figure 5.39a, c), the region of 

moisture and instability increased (Figure 5.39d) as the differing air masses approached 

one another and produced the precipitation at the surface. 

 

Figure 5.39:  Same as Figure 5.10 except for at 0Z on February 24
th

 (Unisys 2012). 

(a) 
(b) 

(c) (d) 
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The upper level trough expanded and a jet streak of about 120-130 knots developed near 

(just to the southwest) the low pressure center which ultimately strengthened the system 

and carried it northeast (Figure 5.39b).  At the 500-hPa level, positive vorticity began to 

build around the left side of the low relative to the jet streak over northwestern Mexico 

and Arizona (Figure 5.40) which also increased as the jet streak progressed northeast.   

 

Figure 5.40:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at 0Z on February 24
th 

(NCDC 2012).  The black arrow 

indicates the area of positive vorticity. 
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 On the morning of February 24
th

 (7:00 am EST, 12Z), the cold front advanced 

further and met up with the stationary front over the Midwest producing a large band of 

precipitation (aided by moisture from the Gulf of Mexico) as the air masses converged 

(Figure 5.41).  The low pressure center over the southern Great Plains intensified, 

deepening to 1002-hPa, and generated precipitation (including a severe weather) as it 

progressed east over the Texas panhandle and Oklahoma.  

 

Figure 5.41:  Surface map at 12Z on February 24
th

 (Unisys 2012). 

 

The weak WAA around the low pressure center over Kansas increased due to the 

intruding polar air intensifying the temperature gradients (Figure 5.42a).  Considerable 

CAA began to occur over southeastern New Mexico and western Texas corresponding to 
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the precipitation at the surface.  Weak WAA was also noticeable over Kentucky and 

Tennessee.  Moderate thermal advection was apparent on the thickness chart (Figure 

5.42c) as the thickness contours crossed the pressure contours and formed height/density 

solenoids relative to the regions of WAA and CAA.  The increase in advection created 

more uplift supporting the present precipitation on the surface map (Figure 5.41).   

 

Figure 5.42:  Same as Figure 5.10 except for 12Z on February 24
th

 (Unisys 2012). 

 

 The region of instability remained over the southern Great Plains while the 

relative humidity increased ahead of the low pressure center, especially over Kentucky 

(a) 

 

(b) 

(c) (d) 
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and northern Tennessee (Figure 5.42d), also corresponding to the precipitation generated 

at the surface.  The jet stream advanced eastward and the jet streak expanded but 

remained at approximately 120-130 knots (Figure 5.42b).  The upper level trough over 

the west deepened and the upper low shifted to the left of the surface low displaying 

positive tilting of the system.  The region of positive vorticity progressed with the jet 

stream (Figure 5.43) and was now located to the right of the upper level trough.  It also 

expanded, extending from northern Kansas to the Baja California Peninsula, and 

developed an additional vorticity maximum (both strong at 24 x 10
-5

 s
-1

).   

 

Figure 5.43:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at 12Z on February 24
th

 (NCDC 2012). 
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Strong convergence was evident at the surface around the low pressure center over 

Oklahoma and over western Tennessee (Figure 5.44).  Surface convergence coinciding 

with advection aloft indicates the occurrence of upper level divergence and ascent (as 

well as cyclogenesis). 

 

Figure 5.44:  Surface streamlines at 12Z on February 24
th

 (Plymouth 2012). 

 

 By the evening of February 24
th

 (7:00 pm EST, 0Z on February 25
th

), the low 

pressure system migrated further east over Arkansas as it tracked with the jet stream 

(Figure 5.45).  The low pressure center deepened to 998-hPa and developed strong frontal 

boundaries as the cold polar air (and associated dome of high pressure) continued to 
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advance south and the warm tropical air progressed north.  Intense precipitation occurred 

along these boundaries and produced several severe storms associated with a squall line 

that developed within the warm sector (between the warm and cold fronts) across the 

lower Mississippi River Valley.  The extensive precipitation north of the warm front 

produced moderate to heavy snow from the central Great Plains to the Great Lakes. 

 

Figure 5.45:  Surface map at 0Z on February 25
th

 (Unisys 2012). 

 

At this time, the dryline associated with the low pressure system was still present behind 

the squall line contributing to the noticeable dry slot on the satellite image (Figure 5.46).  

Vast cloud cover was also evident on the satellite image corresponding to the present 
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precipitation.  At this time, the cloud configuration displays a leaf pattern indicating the 

earlier stages of the cyclone.   

 

Figure 5.46:  Infrared satellite image at 0Z on February 25
th

 (Unisys 2012). 

 

 Aloft, the WAA and CAA around the low increased dramatically as the system 

passed over strong temperature gradients (Figure 5.47a).  Thermal advection also 

intensified around the low, especially to the northeast corresponding to the large 

precipitation shield north of the warm front (Figure 5.47c).  Extensive moisture displayed 

in the 850-500-hPa chart was located directly above the present precipitation at the 

surface (Figure 5.47d) and the distribution paralleled the orientation of the subtropical jet 

stream (Figure 5.47b).  An intense jet streak with winds from 150-160 knots developed 

within the split polar jet north of the Great Lakes. 
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Figure 5.47:  Same as Figure 5.10 except for 0Z on February 25
th

 (Unisys 2012). 

 

Another region of positive vorticity developed to the east of the surface low near an area 

of convergence (Figure 5.48).  Convergence at the surface associated with positive 

vorticity upstream indicates a potential for PVA and increased cyclogenesis. 

(a) (b) 

(c) (d) 
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Figure 5.48:  (a) Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level (NCDC 2012) and (b) surface streamlines (Plymouth 2012) at 

0Z on February 25
th

.  

 

5.2.2 Mature Stage 

By the morning of February 25
th

 (7:00 am EST, 12Z), the low pressure system 

reached its mature stage as it proceeded northeast near the border of Ohio, Pennsylvania, 

and West Virginia and deepened to 993-hPa (Figure 5.49).  The dome of high pressure 

continued to progress south into the U.S. which deepened the surface trough and 

extended the cold front to the Gulf of Mexico.  The large band of precipitation expanded 

vertically, extending across the eastern U.S. from Florida to Maine, as the cold front 

pulled southwest below the low center.  At this time, moderate to heavy snow was falling 

over much of the Northeast and the classic comma shaped cloud formation became 

(a) (b) 
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noticeable on the satellite image as well as the surge region (or dry slot) located under the 

comma head (over Ohio and Kentucky) (Figure 5.50). 

 

Figure 5.49:  Surface map at 12Z on February 25
th

 (Unisys 2012). 
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Figure 5.50:  Infrared satellite image at 12Z on February 25
th

 (Unisys 2012).  The black 

arrow identifies the surge region of the storm. 

 

 Also at the surface, a second cold front approaching the Northeast brought colder 

air toward the system (compared to the associated southern cold front) causing stronger 

temperature gradients and enhancing frontogenesis.  Advection aloft intensified around 

the low with the tightening of the isotherms and isobars (Figure 5.51a, c).  The 

subsidence succeeding CAA became noticeable with clear conditions behind the cold 

front.  The jet stream continued to push the low pressure system northeast (Figure 5.51b) 

and transported additional moisture from the Gulf of Mexico over the eastern U.S. 

corresponding to the location of the large precipitation band at the surface (Figure 5.51d).  
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At this time, the 300-hPa chart displayed a more zonal flow (west to east) across the U.S. 

and a weakened subtropical jet stream which is characteristic of a typical NAO positive 

pattern.  This jet configuration contrasts with that of the February 2010 winter storm 

which exhibited meridional flow (southward progression) and a stronger subtropical jet 

stream. 

 

Figure 5.51:  Same as Figure 5.10 except for 12Z on February 25
th

 (Unisys 2012). 

 

The region of PVA increased (although the vorticity maximum remained moderate in 

strength at 16 x 10
-5

 s
-1

) and was directly overhead strong WAA over New York (Figure 

5.52a).  Strong convergence began to circulate the surface low pressure center over 

(a) (b) 

(c) (d) 
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Pennsylvania with defined frontal boundaries (Figure 5.52b).  These factors indicate 

divergence and difluence aloft sustaining the life of the cyclone. 

 

Figure 5.52:  (a) Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level (NDCD 2010) and (b) surface streamlines (Plymouth 2012) at 

12Z on February 25
th

. 

 

5.2.3 Dissipating Stage (Cyclolosis) 

Roughly twelve hours later, (7:00 pm EST February 25
th

, 0Z February 26
th

) the 

high pressure areas of polar air dominated and the surface low pressure center was 

pushed off the coast of Maine.  The warm front began to pull behind the low center, 

which deepened to 985-hPa, as it traveled over the Atlantic Ocean.  Snowfall persisted 

across New England (especially Maine) until the early morning of February 26
th

 (Figure 

5.53 and 5.54). 

(a) (b) 
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Figure 5.53:  Surface analysis with radar composite at (a) 0Z and (b) 12Z on February 

26
th

 (HPC 2010). 

 

 

Figure 5.54:  Infrared satellite images at (a) 0Z and (b) 12Z on February 26
th

 (Unisys 

2012). 

(a) (b) 

(a) (b) 
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The low pressure center aloft was slightly to the left of the surface low center still 

indicating positive tilting of the system and upper level support (Figure 5.55a, c).  The 

system continued to display significant thermal advection as the polar air advanced 

toward the coast further strengthening the temperature and thickness gradients.  A jet 

streak near 120 knots was located above an area of instability and moisture (Figure 5.55b, 

d) which related to the region of thermal advection and supported the precipitation at the 

surface. 

 

Figure 5.55:  Same as Figure 5.10 except for 0Z on February 26
th

 (Unisys 2012). 

 

(a) (b) 

(c) (d) 
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PVA remained directly overhead strong WAA above southeastern Canada (New 

Brunswick and Nova Scotia) (Figure 5.56a) and then strengthened (vorticity maximum 

near 32 x 10
-5

 s
-1

) as it wrapped around the low over the ocean (Figure 5.56b).  The 

substantial advection (WAA, thermal, and PVA) and the influx of moisture from the 

Atlantic Ocean continued to produce uplift and precipitation over New England after the 

system moved off the coast. 

 

Figure 5.56:  Height contours (solid lines) and isopleths of absolute vorticity (dashed 

lines) at the 500-hPa level at (a) 0Z and (b) 12z on February 26
th

 (NCDC 2012). 

 

5.3 Summary 

The case studies presented snowfall distributions based on classic examples 

(defined by previous research) of synoptic situations that generally occur during each 

NAO phase.  With a deep trough over central U.S. carrying polar air into the Northeast 

(characteristic of NAO negative phase), the February 2010 winter storm produced snow 

(a) (b) 
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over much of the region’s interior from Maine to West Virginia and rain along the 

northern East Coast.  Heavy lake effect snow was generated southeast of Lake Erie and 

heavy orographic snow was produced along the western slopes of the Appalachian 

Mountains.  Although the largest snowfall amounts occurred across regions of higher 

terrain, heavy snowfall greatly affected many populated cities within the Northeastern 

urban corridor.  The February 2011 winter storm followed a more northerly path across 

the Northeast due to strengthened westerlies over Canada (characteristic of NAO positive 

phase).  With the cold polar air confined over Canada, snowfall occurred mostly north of 

the low pressure system.  As a result, the northern portion of the Northeast experienced 

heavy snowfall, particularly within New England and the Great Lakes region (from New 

York to southern Maine).  Orographic snow was also evident over central Pennsylvania 

and western West Virginia. 
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VI. CONCLUSIONS 

 

 The goal of this study was to examine the influence of the NAO on snowfall totals 

and storm track variability in the northeast U.S. over a 50-year period from 1961-2010, 

with additional focus on the most recent decade.  Previous research has indicated greater 

snowfall totals in the Northeast during NAO negative phases due to repeated polar 

outbreaks producing extremely snowy conditions.  Nonetheless, research has also shown 

connections between the NAO positive phase and active winter seasons in this region.  

This research provided insight on how both positive and negative NAO phases can 

produce significant snowfall in the Northeast.  In order to achieve this, statistical and 

graphical analysis was completed to assess the relationship between the NAO and 

seasonal snowfall (NDJFM) from 1961-2010.  Also, two case studies of recent winter 

storms with differing NAO phases were evaluated to highlight variations in storm track 

and the resulting snowfall distribution.  

The relationship between the snowfall and the NAO was evaluated for winter 

seasons (NDJFM) from 1961-2010 using nonparametric statistical techniques, 

Spearman’s Rank Correlation Coefficient and the Mann-Whitney U test.  The Spearman 

rank correlation was used to measure the strength and direction of the relationship 

revealing a dominant inverse relationship between the NAO index and seasonal snowfall.  

This indicates that the positive phase of the NAO produces less snowfall on average.  The 
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Mann-Whitney U test was used to determine if there was a significant difference in the 

snowfall data between NAO positive and negative periods.  The Mann-Whitney U test 

showed only significant associations between seasonal snowfall and the negative phase of 

the NAO.  This demonstrates a significant difference in snowfall between the NAO 

phases and that the relationship is mostly driven by the NAO negative phase.  These 

results confirm the hypothesis that seasonal snowfall is generally greater (lower) during 

negative (positive) phases of the NAO over the Northeast.  This was particularly found 

among stations located along the East Coast and in the southern half of the study region 

(south of New York). 

Composite analyses were constructed using atmospheric reanalysis of seasonal 

(NDJFM) mean and standardized anomalies of various atmospheric variables (SLP, 500-

hPa heights, surface air temperature, and 300-hPa vector winds) from 1961-2010.  These 

analyses were completed not only to obtain a better understanding of the major 

characteristics of each phase (through evaluation of the anomalies) and their influences 

on the Northeast but to assess the dominant pattern of the NAO throughout the 50-year 

study period.  The composite analyses revealed a positive NAO phase for the prevailing 

pattern from 1961 to 2010.  Nonetheless, the NAO negative years produced a higher 

frequency of snowfall days and amounts due to the greater variability of weather 

conditions (than the NAO positive phase) that impact the Northeast. 
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The results of the statistical and composite analyses correlated well with those of 

the case studies.  The statistically significant stations (indicating greater snowfall during 

NAO negative phases) were mainly located along the East Coast as well as the interior 

southern half of the study region.  As the composite analyses confirmed, the NAO 

negative years produced greater snowfall due to more extreme weather conditions 

affecting the Northeast.  These influences include larger reductions in surface pressure 

and 500-hPa heights which generate a southward shift in storm track (affecting more of 

the region) as well as weaker westerlies which allow for more frequent polar outbreaks.  

The intrusion of cold polar air into the interior U.S. generates more extreme temperature 

gradients and produces snowfall farther south than the NAO positive phase.  In addition, 

the eastward displacement of the storms in the NAO negative phase along with the 

available moisture from the Atlantic Ocean creates more snowfall along the East Coast.  

These results correspond to the spatial distribution of snowfall that occurred during the 

February 2010 winter storm which produced significant snowfall throughout most of the 

Northeast extending further south in West Virginia and along the East Coast.   

On the other hand, the non-significant stations (indicating no relationship between 

NAO and snowfall) were mainly located in western and central New York, northern 

Vermont, and Maine.  These regions of the Northeast correspond to those that receive 

snowfall in either NAO phase, as exhibited in the case studies, due to the effects of 

nearby lakes and higher terrain related to the storm tracks through these areas.  Winter 

storms track over this northern region (of the Northeast) regardless of NAO phase 

whereas snowfall in the southern region is more dependent on a more southerly track (i.e. 
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Cape Hatteras/Nor’easter) associated with the NAO negative phase.  Since western New 

York and northwestern Pennsylvania border Lake Ontario and Lake Erie, the stations in 

these regions commonly receive lake-effect snow as a result of great fetch due to the 

west-east orientation of both lakes.  Subsequently, stations in central and northern New 

York receive lake-effect snow as additional lift is generated when the moist air reaches 

the Allegheny Plateau and the Adirondack Mountains (Figure 6.1).  High terrain also 

causes orographic snow among stations in northern New England due to the Green and 

White Mountains.  Another major cause of the distribution of the non-significant stations 

is the northward shift in storm track that occurs in the NAO positive phase identified by 

both the composite analyses and February 2011 case study.  The spatial distribution of 

snowfall in the February 2011 winter storm correlated with the location of non-significant 

stations (and overlapped areas of snowfall from the February 2010 winter storm) with the 

majority of snowfall stretching across the northern half of the Northeast from New York 

to Maine.  
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Figure 6.1:  Topographic map of the northeastern U.S. 

Knowing that significant snowfall can occur in particular regions of the Northeast 

regardless of the phase of the NAO is important for forecasters.  Many winter storms that 

enter this region produce extreme snowfall accumulations that shut down small 

communities and large cities.  Therefore, it is important that forecasters are able to issue 

winter storm watches before weather systems have formed or produced precipitation.  

Being aware of the current NAO phase assists forecasters in diagnosing synoptic 

situations capable of producing extreme snowfall in the Northeast.  Understanding the 

impacts of the positive and negative NAO phases in this region improves the prediction 

of winter storm tracks and thus, the intensity and spatial distribution of subsequent 

precipitation.   
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This research will benefit climatologists and weather forecasters not only in 

regards to predicting future northeast U.S. snowstorms but may provide new evidence 

concerning climate change.  The most recent decade had been declared the warmest 

decade on record since the 1880s (Union of Concerned Scientists 2012); however the 

recent intense winter storms (due to strong negative NAO index in 2010) have generated 

confusion about climate change.  It is important to note that higher temperatures can have 

greater associated moisture content, thus may produce larger snowfalls.  The current 

climate change debate has only added to the importance of understanding how the NAO 

and its influence on surface climate have varied in the past to successfully predict 

changes in the future.  The results of this study showed significant fluctuations in the 

NAO index during the previous decade generating an overall neutral phase.  The NAO 

phase pattern of the previous decade appears unusual when comparing it to other decadal 

patterns (of the NAO index) over the entire 50-year period; where the 1960s/70s were 

dominated by the NAO negative phase and the 1980s/90s by the NAO positive phase.  

Further research needs to be completed in order to establish a recent, persistent pattern of 

the NAO. 

6.1 Limitations and Future Work 

One of the limitations of this study was the lack of spatial coverage of stations, 

particularly in central Maryland and southwest Pennsylvania, due to the threshold placed 

on missing snowfall data.  The original threshold of 1% had to be increased to 5% in 
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order to obtain the current stations.  Increasing this threshold and allowing more gaps in 

the snowfall data may have weakened the statistical results due to reduced averages or 

number of days with snowfall.  Furthermore, expanding the seasonal snowfall average to 

include November and March (instead of the boreal winter months DJF) may have 

lessened the intensity of the NAO indices (which are historically stronger during the 

boreal winter) and thus the statistical averages.   

In the future, the snowfall data should be altered using a logarithmic 

transformation or other method in order to normalize the data distribution, perform 

parametric tests (Pearson’s correlation and t-test), and compare the results to that of the 

nonparametric tests.  Additional analysis should include evaluating the previous 30 years 

(instead of 50) and focusing on the boreal winter (DJF) to improve the spatial coverage of 

stations and subsequently lower the missing data threshold.  This may also increase the 

strength of the relationship between the NAO and snowfall due to traditionally stronger 

NAO indices during the boreal winter months.  In addition, the influences of El Niño and 

La Niña concurring with the NAO phases should be investigated with regards to the 

effects on snowfall in the Northeast to further improve winter storm forecasts in this 

region.  
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APPENDIX A:  ACRONYMS AND ABBREVIATIONS 

 

Appendix A contains a list of all commonly-used acronyms mentioned in the text 

of this thesis. 

Acronym Name 

AO Arctic Oscillation 

CAA cold air advection 

CDAS Climate Data Assimilation System 

CPC Climate Prediction Center 

ECWS East Coast winter storm 

ENSO El Niño-Southern Oscillation 

EOF empirical orthogonal function 

ESRL Earth System Research Laboratory 

EST Eastern Standard Time 

GOES Geostationary Operational Environmental Satellites 

HPC Hydrometeorological Prediction Center 

LES lake-effect snow 

METAR Meteorological Aerodrome Report 

NAM Northern Annual Mode 

NAO North Atlantic Oscillation 

NASA National Aeronautics and Space Administration  

NCAR National Center for Atmospheric Research 

NCDC National Climatic Data Center  

NCEP National Centers for Environmental Prediction 

NDJFM November, December, January, February, March 

NESIS Northeast Snowfall Impact Scale 

NEWS Northeast winter storm 

NOAA National Oceanic and Atmospheric Administration 

NWS National Weather Service 
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PDO Pacific Decadal Oscillation 

PNA Pacific/North American 

PSD Physical Science Division 

PVA positive vorticity advection 

RPCA rotated principal component analysis 

SLP sea level pressure 

SPSS Statistical Package for the Social Sciences 

SRRS Service Records Retention System 

SST sea surface temperature 

USHCN United States Historical Climatology Network  

WAA warm air advection 

WRF-

NMM 

Weather Research and Forecasting Non-hydrostatic Mesoscale 

Model 

Z Zulu 
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APPENDIX B:  USHCN STATIONS 

 

United States Historical Climatology Network Stations (n = 82).  Information includes 

state abbreviations, station ID, location (latitude and longitude), elevation (in meters), 

and station name (USHCN 2011). 

 

State 

Station 

ID Latitude Longitude 

Elevation of 

Station (m) Name 

CT 63207 41.35 -72.04 12 GROTON 

CT 67970 41.12 -73.55 58 STAMFORD 

DE 72730 39.26 -75.52 9 DOVER 

DE 79605 39.77 -75.54 82 WILMINGTON/PORTER RSVR 

ME 170814 45.66 -69.81 323 BRASSUA DAM 

ME 171628 44.92 -69.24 67 CORINNA 

ME 172426 44.92 -67.00 26 EASTPORT 

ME 172765 44.68 -70.15 128 FARMINGTON 

ME 176905 43.64 -70.30 14 PORTLAND INTL JETPORT 

ME 176937 46.65 -68.00 183 PRESQUE ISLE 

MD 181750 39.22 -76.05 12 CHESTERTOWN 

MD 186620 39.41 -79.40 738 OAKLAND 1 SE 

MD 187806 38.71 -76.19 3 ROYAL OAK 2 SSW 

MA 190120 42.38 -72.53 46 AMHERST 

MA 190736 42.22 -71.12 192 

EAST MILTON BLUE HILL 

OBSERVAT 

MA 196486 41.98 -70.70 14 PLYMOUTH-KINGSTON 

MA 196783 42.52 -71.13 27 READING 

NH 272174 43.15 -70.95 24 DURHAM 

NH 272999 45.08 -71.28 506 FIRST CONN LAKE 

NH 273850 43.71 -72.29 184 HANOVER 

NH 274399 42.94 -72.32 155 KEENE 

NJ 281582 41.03 -74.42 232 CHARLOTTEBURG RESERV 
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NJ 283029 40.56 -74.88 79 FLEMINGTON 5 NNW 

NJ 283951 40.27 -74.56 30 HIGHTSTOWN 2 W 

NJ 284229 39.81 -74.79 30 INDIAN MILLS 2 W 

NY 300042 42.74 -73.81 84 ALBANY 

NY 300183 42.30 -77.99 441 ANGELICA 

NY 300321 42.93 -76.54 235 AUBURN 

NY 300443 43.03 -78.17 274 BATAVIA 

NY 300687 42.21 -75.98 488 BINGHAMTON 

NY 300889 40.95 -72.31 18 BRIDGEHAMPTON 

NY 301012 42.94 -78.74 215 

BUFFALO GREATER BUFFALO 

INT'L 

NY 301185 44.58 -75.11 113 CANTON 4 SE 

NY 301752 42.72 -74.93 366 COOPERSTOWN 

NY 302129 41.01 -73.83 61 DOBBS FERRY ARDSLEY 

NY 302610 42.10 -76.80 257 ELMIRA 

NY 303033 42.45 -79.31 232 FREDONIA 

NY 304174 42.45 -76.45 293 ITHACA/CORNELL UNIV 

NY 304912 43.80 -75.48 262 LOWVILLE 

NY 305426 41.77 -74.16 380 MOHONK LAKE 

NY 305512 42.83 -75.73 424 MORRISVILLE 

NY 305801 40.79 -73.97 40 

NEW YORK CENTRAL PRK 

OBS BELV 

NY 306085 42.50 -75.52 311 NORWICH 

NY 306314 43.46 -76.49 107 OSWEGO EAST 

NY 306820 41.63 -73.92 47 POUGHKEEPSIE 

NY 307167 43.12 -77.68 183 

ROCHESTER GREATER 

ROCHESTER IN 

NY 308383 43.11 -76.10 125 SYRACUSE MUNICIPL AP 

NY 308631 44.23 -74.44 512.1 TUPPER LAKE SUNMOUNT 

NY 308944 44.15 -74.90 460 WANAKENA RANGER SCHO 

NY 309000 43.98 -75.88 152 WATERTOWN 

PA 361354 39.94 -77.64 195 CHAMBERSBURG 1 ESE 

PA 362682 42.08 -80.18 223 ERIE/WSO AP 

PA 367029 41.73 -75.45 548 PLEASANT MOUNT 1 W 

PA 367477 41.42 -78.75 415 RIDGWAY 

PA 368449 40.79 -77.87 357 STATE COLLEGE 

PA 368596 41.01 -75.19 140 STROUDSBURG 

PA 368905 41.75 -76.44 229 TOWANDA 1 ESE 

PA 369298 41.85 -79.15 369 WARREN 

PA 369728 41.24 -76.92 159 WILLIAMSPORT/WSO AP 

PA 369933 39.92 -76.75 119 YORK 3 SSW PUMP STN 

RI 374266 41.48 -71.53 30 KINGSTON 
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RI 376698 41.72 -71.43 16 PROVIDENCE/WSO AP 

VT 431081 44.47 -73.15 101 

BURLINGTON 

INTERNATIONAL AP 

VT 431243 43.38 -72.60 244 CAVENDISH 

VT 431580 43.96 -73.21 122 CORNWALL 

VT 432769 44.91 -72.81 128 ENOSBURG FALLS 

VT 437054 44.42 -72.02 213 

SAINT JOHNSBURY 

FAIRBANKS MUSE 

VA 440766 37.20 -80.41 613 BLACKSBURG 3 SE 

VA 441209 37.09 -81.34 1006 BURKES GARDEN 

VA 441593 38.03 -78.52 265 CHARLOTTESVILLE 2 W 

VA 442208 38.46 -78.94 427 DALE ENTERPRISE 

VA 442941 37.33 -78.39 137 FARMVILLE 2 N 

VA 444128 38.00 -79.83 682 HOT SPRINGS 

VA 444876 37.80 -79.41 323 LEXINGTON 

VA 446626 36.74 -83.00 457 PENNINGTON GAP 

VA 446712 38.23 -78.12 159 PIEDMONT/RES STN 

VA 449151 37.30 -76.70 21 WILLIAMSBURG 2 N 

VA 449263 38.90 -78.48 207 WOODSTOCK 2 NE 

WV 461220 38.98 -80.22 444 BUCKHANNON 

WV 463544 38.93 -80.83 220 GLENVILLE 

WV 466867 39.10 -79.67 557 PARSONS 1 NE 

WV 467029 37.57 -81.54 390 PINEVILLE 
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Map of USHCN Stations (n=82) by station ID. 
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