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ABSTRACT 

 

NORTHEAST WEATHER VARIABILITY AND ATMOSPHERIC 
TELECONNECTION PATTERNS 

by 
Robert Warren Megnia 

Plymouth State University, November 2016 
 This research examined the effects of simultaneous occurrences of different 

phases of the North Atlantic Oscillation (NAO) and Pacific North American (PNA) 

teleconnection patterns on daily variations in Northeast climate variables. 30-day 

normalized Temperature, MSLP, and IPW anomalies gathered from Northeast data 

locations were compared to daily indices of the NAO and PNA. The computed anomalies 

from each location were sorted into 25 potential NAO/PNA phase combinations which 

were based off of the standard deviations of the NAO/PNA daily indices in an 11-year 

data set from 2004-2014.  These anomalies and their relationships to daily NAO/PNA 

index values were analyzed using regression, correlation, and chi-square analysis. 

Additionally, each of the 25 combinations and their associated average anomalies were 

analyzed using composite analysis. This process was done for a full time series and a cool 

season time series using the months from October-March in the same 11-year data set. 

Regression analysis revealed that no variation in the analyzed variables can be explained 

by either the NAO or the PNA daily indices individually or together (using multi-

regression). Chi-square analysis revealed that the distribution of the average anomalies 

associated with the 25 possible combinations was most likely random. Cross correlation 

tests suggested little to no relationship between daily anomalies in the analyzed variables 

and the NAO/PNA daily indices. The greatest observed average anomalies in the 25 
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combinations were consistent at 4/5 data locations and in some cases could be explained 

by composite analysis. The majority of these significant anomalies occurred when either 

the NAO or PNA was in an extreme phase (Very Positive/Very Negative). The ability to 

explain some of these average anomalies with composite analyses of the geopotential 

height field suggests that NAO/PNA daily indices could prove useful for long term 

forecasting.  
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Chapter 1 

1. Introduction 

a. Overview 

Statistical relationships between atmospheric variables that occur over very long 

distances are commonly referred to as teleconnections. Teleconnections are long-studied 

phenomena in the field of meteorology. Back in the 1920’s, Sir Gilbert Walker was one 

of the first climatologists that suggested that relationships between atmospheric variables 

at distant locations could be related to the large scale global circulation (Walker 1924, 

1932). Walker observed that when sea level pressure in Iceland during the winter was 

very low, the pressure near the Azores and south-west Europe tended to be very high. 

Walker was able to determine that this distribution causes above average temperatures in 

northwest Europe and below average temperatures in western Greenland (Walker 1932). 

Conversely, Walker (1932) noted that weak low pressure over Iceland and weak high 

pressure over the Azores Islands resulted in below average temperatures in northern 

Europe and above average temperatures in western Greenland. Later studies (Loewe 

1937, 1966; van Loon and Rogers 1978,1979) attributed this “temperature seesaw” to 

large scale fluctuations in surface pressure between the sub-polar low centered over 

Iceland and the sub-tropical high centered over the Azores Islands. This teleconnection 

pattern is currently known as the North Atlantic Oscillation (hereafter, NAO). 

As this teleconnection became more evident, researchers began to examine the 

effects of both the NAO and other teleconnections in other regions of the Northern 
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Hemisphere aside from Greenland and northern Europe. Teleconnection patterns were a 

considerable area of research at this time, as they could provide evidence that would 

explain the transient behavior of global waves.  Van Loon and Madden (1981) continued 

teleconnection research and focused on relating the Southern Oscillation to variations in 

pressure and temperature during the northern hemisphere winter. The Southern 

Oscillation (more commonly known as the El Nino Southern Oscillation (ENSO)) is 

characterized by pressure differences over the South Indian Ocean and the South Pacific 

Ocean.  Van Loon and Madden (1981) discussed in their conclusions that the Southern 

Oscillation was related to global temperature variations in the Northern Hemisphere.  

With prior research (Walker 1924, 1932; Loewe 1937,1966; van Loon and Rogers 

1978, 1979; van Loon and Madden 1981) showing at least two different teleconnection 

patterns having a significant effect on Northern Hemisphere climate variables, Wallace 

and Gutzler (1981) set out to find which teleconnection patterns have the strongest 

presence in the Northern Hemisphere winter. After analyzing four known teleconnection 

patterns, Wallace and Gutzler (1981) determined that the NAO and the Pacific North 

American pattern (hereafter, PNA) were two of three dominant teleconnections in the 

Northern Hemisphere in terms of the 500 mb geopotential height field. The third was a 

zonally symmetric, global-scale “seesaw” between polar and temperate latitudes that was 

first identified by Lorenz (1951) and later by Brier (1968) and Kutzbach (1970). Wallace 

and Gutzler (1981) also noted that both the PNA pattern and the NAO influence winter 

temperatures over the eastern U.S..  
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Using the findings from Wallace and Gutzler (1981), Yarnal and Leathers (1988) 

conducted a study to determine the effect that two of the aforementioned teleconnection 

patterns had on Pennsylvania climate. Their results found that the PNA and NAO 

monthly indices were positively correlated with temperatures in Pennsylvania. There 

were much weaker correlations between the two teleconnections and precipitation. The 

primary finding of this study was that inter-annual changes in the atmospheric 

circulation, as expressed by the indices of the PNA and the NAO explained 50% of the 

variance in Pennsylvania winter temperature, but only 14% of the variance in 

precipitation. This finding suggested that the combination of these two teleconnection 

patterns may have a stronger forcing on climatic variables than any one teleconnection 

pattern individually at certain locations. 

Since Yarnal and Leathers (1988) study, many research papers have examined the 

effect of the NAO and PNA teleconnection patterns on climate variables in the U.S.. 

Many statistically significant correlations have been found between the NAO/PNA 

patterns and monthly temperature and precipitation patterns across the U.S.. However, 

these relationships tend to be stronger with temperature than with precipitation. The PNA 

has been shown to be the most dominant teleconnection for most of the U.S. in regards to 

monthly temperature and precipitation patterns throughout the U.S. in the winter 

(Leathers et al. 1991). The NAO on the other hand, has been shown to have stronger 

relationships with winter climate variables in the Northeast (Bradbury et al. 2002; Notaro 

and Gong 2006). Notaro and Gong (2006) suggested that combinations of different 

phases of the NAO and PNA can have significant effects on winter climate variables in 
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the Northeast. The following research attempted to expand the work performed by Notaro 

and Gong (2006), by further breaking down the phases of the NAO/PNA, and seeing how 

combinations of these phases affect climate variables in the Northeast.  

b. The North Atlantic Oscillation 

1) Background Information 

The North Atlantic Oscillation refers to large scale alternations of atmospheric 

mass between the North Atlantic regions of a sub-tropical high pressure system which is 

generally located near Ponta Delgadas, Azores and a sub-polar low pressure system 

which is generally located near Akuery, Iceland (Figure 1) (Lamb and Peppler 1987). 

Phases of the NAO are dependent on the strengths of the Icelandic Low and the Azores 

High. The NAO is also a seasonal phenomenon, as its centers of action are displaced 

poleward in the summer and equatorward in the winter. This north-south dipole pattern of 

mid-tropospheric pressure centers is one of the most prominent low frequency 

atmospheric circulation patterns in the northern hemisphere (Barnston and Livezey 

1987). 

The NAO index is calculated using a method developed by Barnston and Livezey 

(1987) in which rotated principal component analysis (RPCA) is applied to monthly 

standardized 500 mb height anomalies in the region between 20 degrees N- 90 degrees N 

latitude between January 1950 and December 2000. To determine phase, the NAO 

loading pattern is projected to the 00Z daily anomaly 500 millibar height field over 0-90 

dg N (NOAA 2016). The NAO loading pattern is defined as the first principal component 

of monthly mean 500 mb height anomalies from 1950-2000 over the northern 
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hemisphere. For a full description of the methodology behind the calculation of the NAO 

index, visit the CPC website (CPC, 2016). During a positive phase of the NAO (Figure 1) 

the surface Icelandic Low deepens and the surface Azores High strengthens. The 

strengthening in these two systems then acts to decrease and increase the height fields in 

these regions respectively. The intense pressure gradient between the two regions 

strengthens the polar jet stream and produces more zonal flow over the North Atlantic 

(Yarnal and Leathers 1988). A negative phase of the NAO (Figure 2) is characterized by 

a weakening in the associated surface sub-polar low and surface sub-tropical high 

pressure systems. 

 

Figure 1. Positive NAO. Red area represents deepened surface Icelandic Low 

and below average geopotential height anomalies. Blue area represents strengthened 

surface Azores High and above average Geopotential Height Anomalies. Polar Jet Stream 

represented by black arrow. 
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Figure 2. Negative NAO. Red area represents general location of weakened 

surface Icelandic Low during a negative NAO. Blue area represents general location of 

weakened surface Azores high during a negative NAO. Black arrow represents general 

flow of Polar Jet Stream. 

The weakening of the two systems creates more meridional flow over the north 

Atlantic which can produce blocking and result in a deepened trough over the eastern 

U.S. (Bradbury et al. 2002).  These fluctuations in surface pressure over the Atlantic 

Ocean have been related to fluctuations in surface climate variables in the eastern U.S.. 

2) Research 

Recently, Ning and Bradley (2015) conducted a study that systematically 

examined the relationships between the NAO, PNA, and ENSO and climate extremes in 

the northeastern quadrant of the U.S.. Standardized monthly NAO, PNA, and Nino-3.4 

indices for the period 1950-99 were correlated to 15 indices of climate extremes in the 

study area. The Nino-3.4 index is the value used to measure the strength of ENSO 
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(Rayner et al. 2003). Some of these climate indices included warm days, cold days, 

(average, max, min) daily max temperature, (average, max, min) daily min temperature, 

and number of days with daily precipitation larger than 10 mm.  

Ning and Bradley (2015) showed that as the NAO index increased, there tended to 

be a higher frequency of warm temperature extremes and as the NAO index decreased 

there tended to be a higher frequency of cold temperature extremes in the Northeastern 

U.S.. The frequent intrusions of warmer air into the Northeast during a positive NAO 

were explained by prevailing southerly wind anomalies produced by an east-west SLP 

gradient. Ning and Bradley (2015) also observed that during a positive NAO, the 

Bermuda/Azores high extends into the northeastern region. During this time of 

anomalously high pressure, the jet stream is blocked from entering the region, which 

helps prohibit continental polar air masses from entering the region. Additionally, this 

area of high pressure blocks mid-latitude storms from propagating into the region 

resulting to reduced totals in storm-related precipitation. This therefore may suggest a 

negative relationship between the NAO and precipitation in the northeastern US. 

Another recent study by Archambault et al. (2008), examined the influence of 

large scale flow regimes on precipitation anomalies in the Northeast. Their methodology 

involved objectively classifying regimes of the NAO and the PNA by using standardized 

500 mb height anomalies. To construct daily NAO index values, two domains were 

selected to represent the centers of action for the north-south regions of the NAO. 

Fifteen-day running means were subtracted from the 500 mb height average in each 

domain and then divided by the 15 day running long-term standard deviation. The 
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constructed index value was obtained by subtracting the standardized time series in the 

southern domain (near the Azores High) from the standardized time series in the northern 

domain (near the Icelandic Low). 

After obtaining daily index values of the NAO, regimes of the NAO were 

classified based on consecutive days where the index value was greater than or equal to 

+/- one standard deviation. Positive/negative regimes were defined by 7 consecutive days 

of an index value being +/- 1. After objectively defining positive/negative NAO regimes, 

standardized precipitation anomalies were computed for the study area. These daily 

standardized precipitation anomalies were then sorted into each NAO regime to try and 

identify which regime may result in the most anomalous precipitation. The results of the 

Archambault et al. (2008) study suggest that neither phase of the NAO have a significant 

influence on anomalous precipitation days. However, when assessing the influence of 

large scale flow regimes on major cool season northeast precipitation events, it was 

mentioned that forcing for ascent during a positive NAO major precipitation event was 

mostly attributed to a relative maximum of warm air advection (Figure 3), while negative 

NAO major precipitation events were explained by strong differential vorticity advection 

coupled with a strong onshore low level jet that is much weaker during a positive NAO 
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(Figure 4). 

  

Figure 3. Figure 6 from Archambault (2008). Composite analyses of the onset 

of major 24-h cool-season Northeast precipitation events occurring during positive NAO 

regimes. Analyses show (a) 500-hPa geopotential height (solid; every 6 dam, with the 

552-dam contour shown as a thick line) and departures from climatology (shaded; every 

6 dam according to the color bar), where thick dashed (Solid) contours denote regions 

where geopotential heights are significantly different from climatology at the 95% (99%) 

confidence level; (b) 300-hPa geopotential height (solid; every 12 dam), 300-hPa wind 
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speed (shaded; beginning at 35 m s^-1 according to the color bar), and 500-hPa vertical 

motion (dashed; every 1X 10^-3 hPa s^-1, zero and negative values only); ( c ) 1000-500 

hPa thickness (dashed; every 6 dam, with the 540-dam contour shown as a thick line), 

700-hPa absolute vorticity (shaded; beginning at 10X10^-5 s^-1 according to the color 

bar), and SLP (solid; every 4hPA); and (d) 850-hPa geopotential height (solid; every 3 

dam), 850-hPa wind speed (dashed; every 3 m s ^-1 beginning at 15 m s^-1), and  PW 

(shaded; beginning at 15 mm according to the color bar). 
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Fig 4. Figure 7 from Archambault (2008). As in Fig 3. (Figure 6 from 

Archambault (2008)). 

These conclusions suggest that phases of the NAO may not affect precipitation 

amount, but rather different synoptic scale set ups that lead to anomalous precipitation.  
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c. Pacific North American Pattern 

1) Background 

The Pacific North American teleconnection pattern refers to anomalies in the mid-

tropospheric (500 mb or 700 mb) geopotential height field in the longitudinal region 

extending from the mid-Pacific to eastern North America (Wallace and Gutzler 1981). 

Barnston and Livezey (1987) determined that this teleconnection pattern is one of the 

leading modes of variation in low-frequency atmospheric circulation patterns in the 

northern hemisphere and is most prevalent during the cool season, with the strongest 

signal being observed in February. The PNA index is computed using the same RPCA 

technique that is used to compute the NAO index in the Barnston and Livezey (1987) 

study mentioned in the previous section of this chapter. RPCA is applied to 500 mb 

monthly standardized height anomalies in the latitudinal region extending from 20-90 dg 

N. To determine phase, the second leading mode of variation from this RPCA is 

projected onto the daily 00z 500 mb height anomalies in the Northern Hemisphere. This 

second leading mode of variation is made up of a field consisting of four significant 

height anomalies in the northern hemisphere. These four height anomalies are comprised 

of two positive height anomalies and two negative height anomalies, which characterize a 

positive phase of the PNA (Figure 5).  The positive height anomalies are centered over 

Hawaii and the intermountain regions of North America. The negative height anomalies 

are centered south of the Aleutian Islands and over the southeastern U.S.. The opposite of 

this set-up denotes the negative phase of the PNA (Figure 6). 
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Figure 5. Positive PNA. Red areas represent locations of anomalously low 

geopotential heights during a positive PNA. Blue areas represent locations of 

anomalously high geopotential heights during a positive PNA. 

 

 During the positive phase of the PNA, an amplified trough over the eastern U.S. 

allows for more intrusions of cold air and therefore negative temperature anomalies, 

while a negative phase of the PNA can result in high pressure systems over the 

southeastern U.S. leading to the transport of warm air into the Northeast favoring positive 

temperature anomalies.  
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Figure 6. Negative PNA. Red areas represent locations of anomalously low 

geopotential heights during a negative PNA. Blue areas represent locations of 

anomalously high geopotential heights during a negative PNA. 

 

2) Research 

Before receiving its name from Wallace and Gutzler (1981), the PNA 

teleconnection pattern had been observed by meteorologists as early as 1940. Allen et al. 

(1940) had one of the earliest notations of the PNA when a negative correlation between 

the SLP of The Aleutian Low and the SLP over the west coast of North America (The 

Plateau high) was observed. Later, Namias (1951) observed a positive correlation 

between the 700 mb geopotential height field over the mid-Pacific and the eastern U.S.. 

Klein (1952) noted that during the cold season, longwave ridges (longwave troughs) over 
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the western U.S. were often accompanied by longwave troughs (longwave ridges) over 

the eastern U.S.. 

The frequent observation of these Pacific/North American ridge-trough patterns in 

literature inspired scientists to use these observed fluctuations in the mean mid-

tropospheric flow to help explain variations in surface weather parameters. Dickson 

(1977) found that when the mean flow of the 700 mb height field between the mid-

Pacific and the eastern U.S. was a trough, ridge, trough pattern (+PNA), the west coast of 

the U.S. experienced anomalously warm temperatures while the southeastern U.S. 

experienced anomalously cold temperatures. Since this observation, many studies have 

related changes in the mid-tropospheric height field between the mid-Pacific and the 

eastern U.S. to both temperature and precipitation anomalies at several different locations 

in the U.S.. 

Leathers et al. (1991) conducted a study that related the PNA teleconnection 

indices to U.S. climate. Their study involved correlating monthly PNA indices to 

temperature and precipitation throughout the U.S.. Monthly PNA indices were computed 

using mean monthly 700 mb height data from the years 1947-1982.  These indices were 

then correlated with monthly temperature and precipitation data from the 48 coterminous 

U.S. provided by the U.S. Divisional Climatic Data set (Leathers et al. 1991). Before 

correlation, these data were corrected and quality controlled making them suitable for 

providing significant results. 

The results from Leathers et al. (1991) suggested that the PNA is highly 

correlated with regional temperature and precipitation in the spring, autumn, and winter 
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months. Strongest relationships were found between temperature and precipitation in the 

winter time. Regionally, the northwest and southeast corners of the U.S. yielded the 

highest temperature correlation values in January at .7 and -.8 respectively. According to 

this study, these areas have the strongest relationships with the PNA year round 

(excluding the summer). Precipitation correlations were more scattered, with a maximum 

occurring in the Midwest for February.  

The Northeast showed weaker, but statistically significant negative relationships 

with temperature, with a maximum correlation value of -.5 for October. Correlations 

between Northeast temperatures and the PNA indices were shown to be strongest 

between the months of September and January. The relationship then weakens as 

February and the spring months follow.  Correlations between the PNA and precipitation 

in the Northeast were weaker with a maximum less than .3 in the month of February. This 

study by Leathers et al. (1991) suggests that the PNA teleconnection index may have a 

moderate negative relationship with temperature in the Northeast and little to no 

relationship with precipitation. The following study attempted to see if phases of the PNA 

have a stronger effect on climate variables during different phases of the NAO (and vice 

versa). 

More recently, Ning and Bradley (2015) related winter climate extremes over the 

Northeast to the PNA. Using the same methodology that was used for relating the NAO 

to winter climate extremes mentioned in section b. of this chapter, the authors related 

winter temperature and precipitation climate extremes to monthly PNA indices. After 

constructing 300 mb geopotential height composites for selected +/- PNA winters, results 
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showed that during positive PNA winters, there tended to be anomalously low 

temperature extremes in the eastern U.S..  These negative anomalies can be explained by 

positive geopotential height anomalies over the northwest which would cause a 

displacement of a deepened trough over the eastern U.S.. This circulation allows for more 

frequent intrusions of cold air in this region. 

Ning and Bradley (2015) also showed that winter precipitation extremes have a 

positive relationship with the PNA. For their domain, coastal locations in the Northeast 

had one of the highest correlations between the PNA and extreme winter precipitation 

events with a value of about +.4. This positive correlation with extreme precipitation 

events in the Northeast can be explained by increased moisture-flux and moisture-flux 

convergence. Winters with high precipitation are usually accompanied by strong 

moisture-flux, while dry winters are associated with moisture-flux depletion (Dominguez 

and Kumar 2005). During a positive PNA, moisture-flux convergence increases in the 

Northeast which creates the potential for higher precipitation (Ning and Bradley 2015). A 

negative PNA consists of less moisture-flux than a positive PNA which can therefore 

favor less precipitation.  The results from Leathers et al. (1991) and Ning and Bradley 

(2015) suggest that increases (decreases) in temperature are more frequent during 

negative (positive) phases of the PNA and increases (decreases) in precipitation are more 

frequent during positive (negative) phases of the PNA in the Northeast. 
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d. NAO-PNA Interactions 

1) Background 

 Many studies have related the NAO and PNA teleconnection patterns to 

climate in the northeast (Wallace and Gutzler 1981; Yarnal and Leathers 1988; Leathers 

1981; Bradbury 2002; Notaro 2006; Archambault 2008; Nin and Bradley 2015).  In many 

cases, one teleconnection pattern can have a bigger impact in a region than another. 

However, the northeastern U.S. is an area that has been shown to be affected by both the 

PNA and NAO teleconnection patterns. This introduces the question of whether or not 

different phases of these different teleconnections can interact to have a greater affect on 

climate variables than any one teleconnection individually. Until Yarnal and Leathers 

(1988), there hadn’t been many studies that related multiple teleconnection patterns to 

climate variables at a specific location. Yarnal and Leathers (1988), investigated how 

inter-annual variations in the NAO and PNA teleconnection patterns had an effect on 

Pennsylvania climate.  

Yarnal and Leathers (1988) compared mean winter monthly temperature and 

precipitation to monthly values of the PNA and NAO indices. A linear regression 

analysis was performed between winter temperature and precipitation data and the 

computed monthly PNA/NAO indices. Their analysis revealed that temperature had 

coefficients of determination at .21 and .36 for the PNA and NAO respectively. 

Precipitation was determined to have coefficients of determination of .13 and .02 for the 

PNA and NAO respectively. However, when using multi-regression analysis to relate 
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both the NAO and PNA index values to monthly temperature and precipitation, 

coefficients of determination came in at .5 for temperature and .14 for precipitation. 

These results suggest that the PNA and NAO together may have a stronger affect on 

climate variables at certain locations than any one of these teleconnection patterns 

individually. Since the Yarnal and Leathers (1981) study, there has been more recent 

research that has investigated combinations of PNA/NAO phases and their impact on 

climate in the Northeast. 

2) Research 

Noatro et al. (2006) conducted a study that analyzed Northeast U.S. regional 

climate and its relationship to PNA and NAO patterns during the early winter time. Their 

study compared monthly indices of the PNA and NAO from the Climate Diagnostics 

Center to monthly temperature and precipitation in the Northeast. Notaro et al. (2006) 

concluded that interactions between the PNA and NAO patterns can have a significant 

impact on Northeast climate. Their results suggested that frontal passages through the 

Northeast were more frequent during a negative PNA and positive NAO pattern. This 

was attributed to a zonal upper-level jet that appears over New York under these 

conditions. Lake effect precipitation events were found to be more common during a 

positive PNA and negative NAO pattern due to frequent intrusions of polar air across the 

eastern U.S.. The authors also found that the NAO had the strongest impact on northeast 

U.S. temperatures and the eastern U.S. upper level jet during a positive PNA. With New 

York being the focal point of the Notaro et al. (2006) study, and points of data collection 

for this study being relatively close by, it is reasonable to believe that if their results 
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suggest interacting teleconnections can have an effect on climate in New York, then 

interactions between teleconnections may have a significant affect on climate in other 

areas of the Northeast as well. 

   As discussed in section c of this chapter, Archambault et al. (2008) set out 

to examine the influence of the large scale flow on cool season precipitation extremes in 

the Northeast. As mentioned previously, the PNA and NAO teleconnection patterns were 

used to characterize the large scale flow in this study. Although the authors found 

relationships between extreme precipitation and these teleconnection indices individually, 

there were also relationships found during simultaneous occurrences of the different 

phases of each teleconnection pattern. Results revealed that Northeast U.S. positive 

precipitation anomalies were greatest during a -PNA/+NAO regime, while negative 

precipitation anomalies were greatest during a +PNA/-NAO regime.  These studies by 

Archambault et al. (2008) and Notaro et al. (2006) suggest that different combinations of 

the NAO/PNA teleconnection patterns can have a significant affect on climate variables 

in the Northeast. 

e. Objectives 

  As prior research has shown, phases of the NAO and PNA can influence the mid-

tropospheric height field in the eastern U.S.. Oscillations in the mid-tropospheric height 

field as explained by the NAO/PNA teleconnection indices have been shown to result in 

various types of weather. To date, there are no published studies that have investigated 

combinations of five distinct strengths of the phases of the PNA and the NAO and their 

potential affects on New England climate. By breaking down these teleconnections into 5 
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phases each, there are 25 possible phase combinations, and therefore 25 different mid-

tropospheric height fields that may significantly impact variations in daily weather.  

  Given this knowledge, the following research set out to answer three primary 

questions. 1) What is the correlation between daily NAO/PNA climate indices and daily 

variations in Northeastern climate variables? 2) How much variation in daily 

Northeastern climate variables can be explained by daily NAO/PNA climate indices 

during 25 possible NAO/PNA phase combinations? 3) What are the synoptic scale 

composite patterns during the 25 possible PNA/NAO combinations and can these help 

explain  the significant anomalies observed in the Northeast during these combinations? 

Because Barnston and Livezey (1987) determined that the PNA and the NAO have 

stronger signals during the cool season, these questions will be addressed by using both a 

time series containing annual data and a time series containing cool season data (October-

March). 
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Chapter 2 
2. Data and Methods 

a. Data 

The Northeastern daily climate variables chosen to be analyzed for this research were 

surface temperature, MSLP, and surface-500 mb IPW. Temperature was selected in order 

to identify which combinations of the NAO/PNA may result in significant 

increases/decreases in surface temperature variation. MSLP was selected to identify 

which NAO/PNA combinations may be associated with Northeast high or low pressure 

systems. Integrated precipitable water (hereafter, IPW) was selected to determine the 

potential for precipitation during different NAO/PNA phase combinations. Because a 

stronger onshore low level Atlantic moisture jet during a negative NAO was mentioned 

in the study by Archambault et al. (2008), it was hypothesized that greater values of IPW, 

and thus a greater potential for precipitation would be found under these conditions.  

Precipitation was not selected for analysis in this study for several reasons. The primary 

reasons precipitation was not selected for analysis were the various sources of error that 

exist when measuring precipitation and the lack of significant results from prior research.  

Most stations around the world that measure precipitation use the traditional method 

that has been used for over a century. The traditional method involves placing a bucket 

outside, letting it collect precipitation, and measuring the amount of liquid in the bucket 

by funneling it into a graduated measuring tube after a specified period of time (usually 

24 hours). This method is commonly assumed to be adequate, but this is a false 

assumption (Rodda and Dixon, 2012). There are many problems associated with the 

traditional measurement method that result in lower measurements including wind, 
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evaporation, adhesion, inclination, and splash. The combination of these issues is 

believed to produce an error in precipitation measurement that causes an underestimate of 

observed precipitation (Kurtyka 1953). Because these sources of error vary in magnitude 

at different locations (Harisson 2015), precipitation observations and their 

biases become quite inconsistent. 

 On the other hand, IPW is a moisture parameter that faces less uncertainty upon 

measurement. IPW is a derived variable that stems from vapor pressure and mixing ratio, 

which are variables that are obtained from sounding data. The errors that sometimes 

occur during radiosonde measurement of vapor pressure are better understood and are 

routinely quality controlled. The quality control procedures used in upper air observations 

are available in the National Weather Service upper air program manual (NOAA 2010).  

Precipitation measurements on the other hand are not routinely quality controlled. For 

this reason, it is reasonable to believe that IPW measurements are consistently more 

accurate than precipitation measurements. Additionally, precipitation measurements may 

not do as good of a job of describing whether or not the atmosphere has the potential to 

produce precipitation. There are frequent instances where the atmosphere has enough 

moisture to produce heavy precipitation, but the dynamic forcing to do so is absent. 

Because IPW measurements are likely more accurate and can likely do a better job of 

analyzing precipitation potential, it was believed that IPW would be the most suitable 

moisture parameter when using statistical analysis to try and assess precipitation potential 

in this research.    
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Another reason IPW was selected over precipitation was that prior studies that tried to 

relate teleconnection indices to precipitation (Yarnal and Leathers 1988; Leathers 1991; 

Notaro 2006; Archambault 2008) generally yielded results with weak relationships. 

Rather than attempt to find a significant relationship between precipitation and 

NAO/PNA phase combinations, this study chose to assess the likelihood of positive or 

negative variations in IPW during different NAO/PNA phase combinations, because 

moisture is needed for precipitation to occur. If identifying NAO/PNA phase 

combinations that favor greater (lesser) values of IPW is possible, then determining 

which NAO/PNA phase combinations have a greater (lesser) potential for precipitation to 

occur would be possible as well. 

Data for this research were gathered from five locations in the Northeast (Figure 7) 

The daily MSLP and temperature data that were used in this study were collected from 

Albany, NY, Burlington VT, Caribou, ME, Chatham, MA, and Portland, ME. These 

locations were selected based on sounding data availability (for IPW calculation) and also 

because these four locations cover northeast, northwest, southeast, and southwest sectors 

of the Northeast. 
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Figure 7. Data Locations. Northeast data locations marked by black 

triangle. 

Because the variables of focus for this study were being compared to daily values 

of the NAO/PNA indices, carefully averaged daily MSLP and temperature values were 

calculated before being used in the statistical computations discussed later on in this 

chapter. The daily values used for correlation were computed using a weighted averaging 

scheme described by Eq. 1.  

𝜙𝜙𝑤𝑤 = ∑ 𝑤𝑤𝑖𝑖∗𝜙𝜙𝑖𝑖𝑁𝑁
𝑖𝑖=1
∑ 𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖=1

                                      (1) 
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Where 𝜙𝜙𝑤𝑤 is the weighted average, 𝑤𝑤𝑖𝑖 is the weight value at time i, and 𝜙𝜙𝑖𝑖 is the 

observed value of the variable being averaged at time i. Because daily values of the 

NAO/PNA are valid at 00Z, the observed 00Z temperature/MSLP values were given the 

greatest weight. Temperatures/MSLP observed 12 hours before and after the 00Z 

temperatures/MSLP observation were used to compute the daily weighted average. 

Temperature/MSLP at t+12 hours and t-12 hours were given weights of 0. The weights 

for each hourly temperature/MSLP included in the weighted average increased linearly 

by one until reaching time 0 (00Z). If any of the observed hourly temperatures/MSLP for 

a day were found to be missing, the missing observation(s) was (were) given a weight of 

0 when computing the weighted average.  

IPW data were gathered from four out of the five locations. Burlington was 

excluded because no upper air observation data is available from that location. When 

selecting a daily value of IPW, a similar scheme was used. However, because IPW is 

computed using sounding data, IPW observations are typically only available at 12 hour 

intervals (00Z and 12Z). When selecting a daily average for IPW, another weighted 

average was computed using Eq. 1 and values of IPW measured 24 hours before and after 

the 00Z sounding time. The values measured 24 hours before and after 00Z were given a 

weight of 0, the values measured 12 hours before and after the 00Z sounding time were 

given a weight of 1, and the 00Z IPW was given a weight of 2. The resulting daily value 

of IPW was a weighted average most influenced by IPW observed at 00Z, but also from 

IPW observed 12 hours before and after 00Z.  If a value needed for the weighted average 

was found to be missing, that value was given a weight of 0.   



27 
 

The radiosonde data gathered from Chatham, Portland, Caribou, and Albany were 

obtained from NOAA National Centers for Environmental Information (NCEI).  IPW 

was calculated with the following equation from the AMS glossary of meteorology 

(2016). 

𝑊𝑊 = 1
𝜌𝜌𝜌𝜌 ∫ 𝑥𝑥 𝑑𝑑𝑑𝑑𝑝𝑝2

𝑝𝑝1      (2)  

Where ρ is the density of water vapor in kg(H2O) m-3, g is the acceleration from 

gravity in m s-2 , p1 and p2 are the pressure levels of integration in Pascals, and 𝑥𝑥  is the 

mixing ratio in g kg-1. The mixing ratio was calculated with vapor pressure from the 

sounding data at each of the four locations using Eq. 3 provided by the AMS glossary of 

meteorology (2016). 

    𝑥𝑥 = 0.622𝑒𝑒
𝑝𝑝−𝑒𝑒

      (3) 

Where 𝑥𝑥 is the water vapor mixing ratio in g(H2O) kg-1(dry air), 𝑒𝑒 is the surface 

vapor pressure in Pascals, and 𝑑𝑑 is the surface pressure in Pascals. Vapor pressure data 

obtained from sounding data were used to compute mixing ratio with Eq. 3 and the 

resulting value was plugged into Eq. 2 to find IPW in a pressure layer. 

To determine the best IPW layer to use in this research, a correlation test was 

performed on five layers of IPW and precipitation events at one of the five locations. 

Chatham was randomly selected as the location for this test. The assumption was made 

that the strongest IPW layer/precipitation correlation found at one of the five locations 

would be the same at the remaining four locations.  The layers of IPW used in the 

correlation test are as follows. 

• SFC-850 mb 
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• SFC-700 mb 

• SFC-500 mb 

• SFC-300 mb 

• SFC-top of atmosphere (last pressure recorded from sounding) 

The correlation test was performed with the IPW layers as the forcing variables 

and precipitation amounts as the response variables. The layer that had the strongest 

correlation with precipitation was chosen for analysis in this research. The correlation 

coefficients associated with each layer and precipitation are listed in Table 1.  

Table 1. Correlation coefficients between IPW in a layer and precipitation 

 SFC-850 SFC-700 SFC-500 SFC-300 SFC-TOA 

Precip/IPW Layer 

Correlation Coefficient 

 

.13 

 

.15 

 

.18 

 

.15 

 

.16 

 

As Table 1 illustrates, the correlation test suggested that the SFC-500 mb IPW 

layer has the strongest correlation with precipitation at Chatham, MA. For this reason, the 

surface to 500 mb layer was chosen as the layer of integration when computing PW for 

this research. 

Daily values of the NAO and the PNA were gathered from the NOAA Climate 

Prediction Center (CPC). The CPC calculates both daily and monthly teleconnection 

indices using a technique involving RPCA and least squares regression. More 

information on how the daily NAO/PNA indices are calculated can be found by 

referencing the CPC website (CPC, 2016).    

 

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
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b. Methods 

To determine how different phase combinations of the NAO/PNA can effect 

variations in weather in the Northeast, the different phases of each teleconnection index 

had to be defined. Teleconnection index values can be defined as either strongly positive 

(index >= 1 std), positive (1 std > index > .3 std), neutral ( .3 std>= index >-.3 std), 

negative (-.3 std >= index > -1 std), and strongly negative (index <= -1 std). The standard 

deviation is based on a time series for each teleconnection index (NOAA, 2016). This 

study collected data from the years 2004-2014 thus, the thresholds for each NAO/PNA 

phase used in this research were based on the standard deviation of the daily NAO/PNA 

indices during this time period. Because the questions stated in chapter 1 are to be 

answered for both an annual time series and a cool season time series (October-March), 

different thresholds for each phase had to be calculated for each time series. The 

thresholds for each teleconnection phases for the full time series and the cool season time 

series are shown in Table 2. 

 

Table 2. Thresholds for different phases of the NAO/PNA. x = the 

NAO/PNA daily index value. 

 Strong 
Negative 

Negative Neutral Positive Strong 
Positive 

NAO x <= -.85 -.85 < x <= -.25 -.25 < x <= .25 .25 < x < .85 x >= .85 

PNA x <= -.85 -.85 < x <= -.25 -.25 < x <= .25 .25 < x < .85 x >= .85 

NAO Cool x <= -.85 -.85 < x <= -.25 -.25 < x <= .25 .25 < x < .85 x >= .85 

PNA Cool x <= -.80 -.80 < x <= -.25 -.25 < x <= .25 .25 < x < .80 x >= .80 
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Using the definitions in Table 2 to characterize different phase strengths of the 

NAO/PNA yields a 2-D parametric Table that consists of 25 possible combinations of the 

phases of the NAO/PNA teleconnection patterns. This 2-D parametric Table is 

illustrated in Table 3. 

 

 Table 3. Parametric Table listing possible NAO/PNA phase combinations.  

  

In order to relate daily values of the NAO/PNA to daily SLP, temperature, and 

IPW, corrections needed to be made. MSLP, temperature, and IPW are atmospheric 

variables for which both the mean and standard deviation can vary monthly and 

seasonally. In order to correct for seasonal variations in these variables and calculate a 

daily standardized anomaly value for each variable, the average daily values were first 

passed through a two sided triangular filter. This triangular filter took an observed value 

at a given time, subtracted a weighted average of the variable based on observed values 

measured at a specified number of time steps before the given time and values measured 

at an equal number of time steps after the given time. The resulting value was then 

 Strongly 
Negative 
NAO 

Negative 
NAO 

Neutral NAO Positive NAO Strongly 
Positive NAO 

Strongly 
Negative 
PNA 

--PNA/--
NAO 

--PNA/-
NAO 

--PNA/NAO --PNA/+NAO --PNA/++NAO 

Negative 
PNA 

-PNA/--NAO -PNA/-NAO -PNA/NAO -PNA/+NAO -PNA/++NAO 

Neutral PNA PNA/--NAO PNA/-NAO PNA/NAO PNA/+NAO PNA/++NAO 
Positive 
PNA 

+PNA/--
NAO 

+PNA/-
NAO 

+PNA/NAO +PNA/+NAO +PNA/++NAO 

Strongly 
Positive 
PNA 

++PNA/--
NAO 

++PNA/-
NAO 

++PNA/NAO ++PNA/+NAO ++PNA/++NAO 
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divided by a weighted standard deviation of the variable over the same time period and 

the final value represented a seasonally corrected standardized anomaly value of the 

variable. Figure 6 is an example of a two sided triangular filter that uses +/- 24 hours of 

observations to compute a weighted average at 00Z.  

 

Figure 8. Two Sided Triangular Filter.  Darker shades represent areas where observed 
values would have more influence (weight) on the weighted average. 

 

The filter used in this study took average MSLP, temperature, and IPW for each 

day, subtracted a weighted average of each variable based on daily values calculated 15 

days before and after the given day, then divided by the weighted standard deviation of 

each variable over the same time period. The resulting value represented the standardized 

anomaly of the variable from a 30-day running mean. This computation can be 

represented by the z-score equation (Eq. 4). 

 𝑧𝑧𝑖𝑖 = 𝜙𝜙𝑖𝑖−𝜙𝜙𝑤𝑤
𝜎𝜎𝑤𝑤

     (4) 

Where 𝑧𝑧𝑖𝑖 is the daily z-score (standardized anomaly value), 𝜙𝜙𝑖𝑖 is the daily 

variable value (temp, MSLP, IPW), 𝜙𝜙𝑤𝑤is the daily weighted average, and 𝜎𝜎𝑤𝑤 is the daily 

weighted standard deviation. The variable 𝜙𝜙𝑤𝑤was computed using Eq.1. The equation for 
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𝜎𝜎𝑤𝑤 is as follows. 

 

𝜎𝜎𝑤𝑤 =  �
∑ 𝑤𝑤𝑖𝑖(𝜙𝜙𝑖𝑖−𝜙𝜙𝑤𝑤)𝑁𝑁
𝑖𝑖=1
(𝑁𝑁′−1)∑ 𝑤𝑤𝑖𝑖

𝑁𝑁
𝑖𝑖=1

𝑁𝑁′

     (5)  

Where N’ represents the number of non-zero weights, and the remaining symbols 

represent the same values that are represented in Eq.1. 

Once the monthly standardized anomaly values for MSLP, temperature, and IPW,  

were computed, the values of each standardized anomaly were sorted into the appropriate 

category from Table 3 based on the daily NAO/PNA index values.  Bulk statistics were 

then computed for the variations that occurred within each NAO/PNA phase 

combination. The average standardized anomaly from the different combinations of the 

PNA/NAO phases for each variable were put into a Table similar to Table 3. Each Table 

was then observed to identify which phase combinations result in the largest/smallest 

anomaly values. The combinations that had the highest average anomaly values were 

classified as the combinations that had the strongest relationship with each variable.  

After a particular PNA/NAO phase combination was shown to have a significant 

relationship with the average standardized anomaly values in the analyzed variables, 

composite analyses were constructed in an attempt to identify the synoptic scale patterns 

that would help explain the relationship between the anomaly values and the 

teleconnection patterns. The following composite maps were generated: 
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Temperature 

• 925 mb Heights, temperature 

MSLP 

• MSLP 

• 500 mb Heights 

• 250 mb Heights, Wind 

IPW 

• 850 mb Heights, Wind, Surface-500 IPW 

The composite variables chosen for temperature was selected in order to 

determine if average NAO/PNA phase combination conditions result in warm or cold air 

temperature advection near the surface that would help explain any positive or negative 

variations in temperature. 500 mb heights and jet stream level composites were included 

with the MSLP composites in order to identify regions of upper air 

divergence/convergence that could help explain MSLP variations. The 850 mb height and 

wind field was chosen for the IPW composite analysis because this isobaric surface lies 

near the middle of the surface – 500 IPW layer. 

After composite map generation, a number of statistical tests were performed on 

the data to analyze significance. The first statistical test performed was a cross correlation 

test. This test was performed between the standardized anomaly values of the three 

selected variables and daily values of the NAO/PNA indices individually. This was done 

to measure the linear relationship between the anomalies in the climate variables and the 
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NAO/PNA daily indices. A correlation coefficient of 1 would indicate a perfect positive 

relationship, meaning that as one of the variables increases, the second variable increases 

simultaneously. A correlation coefficient of -1 would indicate a perfect negative 

relationship which would mean that as one variable increase the other variable decrease 

simultaneously and vice versa (Bendat and Piersol 1986). Because the cool season time 

series was discontinuous, the cross correlation test could not be performed. Instead, cross 

correlations were performed for each individual cool season from 2004-05 to 2010-11. 

The resulting correlation values for each cool season were than averaged to obtain a value 

that could represent the cool season time series as a whole. 

 The second statistical test performed to ensure the reliability of the data was a 

chi-square test. This test was performed to determine whether or not the average 

standardized anomaly for each phase combination was statistically significant or the 

result of random distribution. The chi-squared test determines the probability that a set of 

categorical data are the result of random variation (Bendat and Piersol 1986). In this case 

the data are the standardized anomalies, and the categories are the five phases of the 

NAO and the five phases of the PNA. If the probability is high enough that the results are 

not from random variation, it would be assumed that a different data set from the same 

location for the same variable would yield similar results. A low probability suggests the 

possibility that the standardized anomalies associated with each of the 25 phase 

combinations are random. 

The final step in the statistical analysis was performing a multi-linear/polynomial 

analysis on the data to see how much variation in each variable can be explained by daily 
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NAO/PNA indices during a certain phase combination of the NAO/PNA. This test was 

necessary to determine if anomalies in these variables are more sensitive to changes in 

the NAO/PNA indices during different NAO/PNA phase combinations. The multiple 

linear regression technique forms an equation where one dependent variable 

(temperature, MSLP, or IPW) is the result of two independent variables (NAO index, 

PNA index). This technique yields a multi-linear regression equation that, with a good fit, 

would act as an equation to predict a variable based on two independent variables 

(Bendat and Piersol 1986). The form of a multi-linear regression equation is shown in 

equation 6. 

𝑧𝑧 = 𝑎𝑎𝑥𝑥 + 𝑏𝑏𝑏𝑏 + ε      (6) 

Where z is the dependent variable, x and y are the independent variables, a and b 

are the coefficients of the independent variables, and ε is a source of error representing 

variation that is not associated with the independent variables. Additional multi-

regression tests were applied with the independent variables acting as 2nd and 3rd order 

polynomials (Eq. 7, Eq. 8). These additional multiple regression tests were performed in 

order to find the best “fit” for the data. 

 

𝑧𝑧 = 𝑎𝑎𝑥𝑥2 + 𝑏𝑏𝑥𝑥 +  𝑐𝑐𝑏𝑏2 + 𝑑𝑑𝑏𝑏 + 𝜀𝜀    (7) 

𝑧𝑧 =  𝑎𝑎𝑥𝑥3 + 𝑏𝑏𝑥𝑥2 + 𝑐𝑐𝑥𝑥 + 𝑑𝑑𝑏𝑏3 + 𝑒𝑒𝑏𝑏2 + 𝑓𝑓𝑏𝑏+ε   (8) 
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Chapter 3 

3. Results 

(a) Statistical Analysis 

 1) Full Time Series  

 (i) Temperature Standardized Anomaly Averages 

The daily standardized anomalies for Temperature, MSLP, and IPW were sorted into 25 

possible combinations of the NAO/PNA teleconnection patterns and averaged. The average 

standardized anomaly temperature value for each of the possible 25 combinations at each of the 5 

locations are presented in Figure 9 and can be referenced during the discussion of these values in 

this section. The exact average standardized anomaly values are presented in a series of Tables in 

Appendix A. Out of the five locations from which data were gathered, Portland (KPWM), 

Chatham (KCHX), Albany (KALB), and Burlington (KBTV) showed similar patterns in the 

relationship between the average anomalies for temperature and the teleconnection indices. 

Caribou (KCAR) had dissimilar temperature anomaly values, the majority of which were very 

small with maximum  (positive and negative) temperature anomalies at .13 and -.14 respectively 

(Figure 9-c).  Small average anomaly values at Caribou relative to the other stations were also 

observed for MSLP and IPW for both the full time series (Figure 10-c and Figure 11-b 

respectively) and the cool season time series (Figure 13-c and Figure 14-b respectively). For this 

reason, the remainder of this chapter will refer to the other four locations (which had consistent 

similarities) when discussing the results of the standardized anomaly averages.  

The maximum positive average standardized temperature anomaly value was observed during a 

neutral NAO (hereafter NAO/PNA when referring to neutral phase) and a very negative PNA 

(hereafter VNPNA/VNNAO) at each of the four locations. Positive average temperature 
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anomalies were also observed during a VNPNA during all NAO phases except a VNNAO. At 

three of the four locations, average temperature anomalies increased with a neutralizing NAO 

pattern during a VNPNA. Maximum negative average temperature anomalies occurred during a 

very positive NAO (hereafter VPNAO/VPPNA) and a VPPNA at three out of the four locations. 

Portland was the exception having a maximum negative anomaly during a VNNAO and a 

VPPNA.  
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Figure 9. Full time series average temperature anomalies  (a-e). NAO/PNA Occurrences (f).  
Each group of bars represents a PNA phase. Each bar represents NAO phase. Number of stds on 

y-axis (a-e). Number of occurrences on y-axis (f). 
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(ii) MSLP Standardized Anomaly Averages 

The average standardized anomalies in MSLP for the full time series are plotted in Figure 

10. Maximum MSLP anomaly averages occurred during a VPNAO/PNA with values greater than 

.3 standard deviations at each of the four locations. There was also a noteworthy secondary 

maximum positive anomaly observed during a VPNAO/VPPNA combination. Positive anomalies 

stayed persistent at the four locations during neutral and lower PNA phases and neutral and 

higher NAO phases, although some of these positive anomalies were only slightly above 0. 

Maximum negative anomalies were observed during a VNNAO/VPPNA with values less than -

.25 at each of the four locations. There were also persistent negative anomalies observed during a 

VNNAO during all PNA patterns with the exception of a neutral PNA at Chatham (Figure 10-d), 

Albany (Figure 10-a), and Burlington (Figure 10-b) where average anomalies were slightly above 

0. A noticeable change in average anomalies during a VPPNA was observed as the NAO phase 

increased. Negative anomalies around -.25 increased in a linear fashion with an increasing NAO 

to an anomaly value around +.20 during a VPNAO. As in the case with temperature, many 

average anomaly values were close to 0 when each teleconnection was not in an extreme phase.   
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Figure 10. Full time series MSLP average standardized anomalies. As in Figure 9. 
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 (iii) IPW Standardized Anomaly Averages 

Maximum IPW anomaly averages (both positive and negative) were much lower than the 

maximum (positive and negative) temperature and MSLP anomaly averages at the four locations 

that IPW data were gathered from (Figure 11). The maximum positive average anomaly in IPW 

was observed at Portland during a VNNAO/NPNA and had a value of .19 (Figure 11-d). The 

remaining two out of the three locations beings discussed in this chapter had maximum average 

positive anomalies during different phase combinations. Chatham and Albany held maximum 

average positive anomaly values of .16 and .18 during VPNAO/NPNA (Figure 11-a) and 

PNAO/VNPNA (Figure 11-c) conditions respectively.  

Positive anomalies in IPW were persistent when the PNA was in negative or very 

negative phase with at least 7/10 of the possible NPNA/VNPNA phase combinations at all 

locations having average anomalies greater than 0. The most noticeable exception at each of the 

locations was a negative anomaly observed during a VNNAO/VNPNA. Maximum average 

negative anomalies at each of the four locations occurred during PNA conditions. However, each 

station’s maximum value occurred during different NAO phase strengths. The maximum average 

negative anomaly was observed at Portland during PNA/VNNAO conditions (Figure 11–d). 

Negative anomalies were persistent during neutral and higher PNA conditions regardless of NAO 

conditions with at least 12/15 of the possible PNA through VPPNA combinations having average 

anomalies below 0 at each location. Although the majority of these average anomalies under 

these conditions were negative, many of them were only slightly below 0.  
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Figure 11. Full time series IPW anomalies. As in Figure 9. 
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2). Cool Season Time Series  

 (i) Temperature Standardized averages 

Anomalies in Temperature, MSLP, and IPW during the 25 possible NAO/PNA phase 

combinations discussed in this section can be referenced by viewing Figures 12 (a-e), 13, and 14 

respectively. Exact values of these anomalies can be referenced by viewing the Tables presented 

in Appendix B. The patterns in average temperature anomaly values observed during the cool 

season showed similarities to the full time series. In both time series, maximum positive average 

anomalies close to .3 were observed during VNPNA/NAO conditions. Additionally, anomalies in 

temperature increased during a VNPNA as the NAO neutralized (with the exception of a slight 

decrease from VPNAO-PNAO conditions at Albany (Figure 12-a) and Burlington (Figure 12-b).  

 Anomalies in temperature tended to stay positive during a VNPNA with the exception of 

the VNPNA/VNNAO combination. As in the case with the full season time series, maximum 

average negative anomaly values were observed under VNNAO/VPPNA conditions. However, 

these values increased over 100% at each location for the cool season time series analysis, with a 

maximum negative anomaly value of -.42 observed at Albany (Figure 12-a) vs. a maximum 

negative anomaly value of -.19 at Portland (Figure 9-e) for the full time series. VPPNA 

conditions resulted in negative anomalies in temperature during all NAO phases with the 

exception of slightly positive average anomalies (.01) at Burlington (Figure 12-b) and Albany 

(Figure 12-a) during NAO conditions. The cool season time series had temperature anomaly 

values that were slightly larger in magnitude than the full time series during non-extreme 

NAO/PNA conditions, including negative anomalies <= -.10 during NAO/PNA conditions at 

each of the four locations. 
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Figure 12. Cool season temperature anomalies. Cool season NAO/PNA combination 

occurrences. As in Figure 9. 
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(ii)MSLP Standardized Anomaly averages 

Cool season MSLP anomaly averages had some of the same patterns that were observed 

for the full season time series (Figure 13). The maximum average positive anomaly at 3/4 

locations occurred under VPNAO/PNA conditions. Chatham was the exception with a maximum 

positive anomaly occurring under NAO/NPNA conditions with a secondary maximum under 

VPNAO/PNA conditions (Figure 13-d). Noteworthy positive anomalies were also observed under 

VPNAO/VPPNA and NNAO/PNA conditions. Positive anomalies persisted under VPNAO 

conditions regardless of PNA phase strength with the exception of a slightly negative (-.01) 

anomaly observed under VPNAO/NPNA conditions at Portland (Figure 13-e). Negative 

anomalies in MSLP were consistent under VNNAO conditions regardless of PNA phase strength, 

with the exception being anomalies close to 0 being observed during VNNAO/VNPNA 

conditions. Similar to the full time series, MSLP anomalies increased in a linear fashion during 

VPPNA conditions as the NAO became more positive. Dissimilar to the full time series analysis, 

several non-extreme combinations yielded anomaly values more than slightly above/below 0. 
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Figure 13. Cool season MSLP anomalies. As in Figure 9 
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 (iii) IPW Standardized Anomaly Averages 

Anomalies in IPW observed during the cool season time series were greater in magnitude 

than for the full season time series (Figure 14). A maximum average positive (negative) anomaly 

in IPW was observed during the VNNAO/NPNA (VNNAO/VPPNA) combination at Portland 

(Figure 14-d) (Chatham) (Figure 14-c) with a value of .32 (-.35). Maximum average negative 

anomalies were consistent at the three locations with Portland and Burlington also having a 

maximum average negative anomaly during VNNAO/VPPNA conditions. Maximum average 

positive anomalies varied with Chatham and Burlington having their maximum values occur 

under NNAO/VNPNA conditions, with a secondary maximum occurring under VNNAO/NPNA 

conditions (Figure 14 b-c). Portland’s secondary maximum occurred under NNAO/VNPNA 

conditions (Figure 14-d). Positive anomalies persisted at all locations during VNPNA conditions 

except during a VNNAO, while negative anomalies persisted during VPPNA conditions. Albany 

was an exception to this pattern with a positive anomaly under NNAO/VPPNA conditions. 

Similar to the temperature/MSLP cool season analysis, anomaly values observed during non-

extreme combinations were occasionally larger in magnitude than IPW anomaly values observed 

during non-extreme combinations in the full time series. 
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Figure 14. Cool season IPW anomalies. As in Figure 9. 

3) Chi-Square tests 

After analysis of the anomaly Tables discussed in the previous section, a Chi-Squared test 

was performed on each Table to determine the probability that the values observed were 

dependent on each category (PNA phase/NAO phase). The results for each chi-square test came 

back weak. For both time series, the chi-square test for each variable at each location suggested 
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that a random distribution could not be rejected with 95-99% confidence. Because no significant 

results were found in the chi-square test, the results and values for each Table are not shown. The 

chi-square value for each Table during each time series suggested that the possibility of a random 

distribution could not be rejected. 

b. Regression/Correlation Analysis 

1) Cross Correlation Test 

 (i) Full Time Series 

 A cross correlation was performed on the time series for PNA index vs. each of 

the three analyzed variables and NAO index vs. each of the three analyzed variables. This was 

performed with the PNA/NAO being the forcing variable and each of the three analyzed variables 

being the response variables. The results for the cross correlation test are shown in Figure 15. 

Cross correlation coefficient values are presented in Table 4. At each of the 5 locations, positive 

(negative) relationships between the NAO (PNA) and each variable were observed. Correlation 

coefficients were extremely weak with each variable/teleconnection correlation coefficient being 

less than +/- .15.  
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Table 4. Full time series cross correlation coefficient values. 

Station Temp/NAO MSLP/NAO IWP/NAO Temp/PNA MSLP/PNA IPW/PNA 

KALB .03 .1 .02 -.08 -.05 -.05 

KBTV .04 .1 n/a -.07 -.04 n/a 

KCAR .02 .02 .01 -.02 -.02 -.03 

KCHX .04 .11 .03 -.06 -.06 -.04 

KPWM .04 .1 .02 -.05 -.05 -.02 
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Figure 15. Cross correlation coefficients between NAO/PNA and anomalies in 
temperature, MSLP, and IPW. 

 

   

(ii) Cool Season Time Series 

 Because the cool season time series was non-linear, a cross correlation test 

could not be performed on the entire time series. Instead, a cross correlation test was 

performed for each cool season from 2004-05 to 2013-14. The correlation coefficients 

computed for each winter were averaged to obtain a cross correlation coefficient between 

each variable/teleconnection during the cool-season. The average correlation coefficients 

are presented in Figure 16. The exact values of each correlation coefficient can be seen in 

Table 5. As in the case with the full time series, the cross correlation coefficients for each 

teleconnection/variable were extremely low, but statistically significant at the 95% 
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confidence level. At all 5 locations positive (negative) relationships were observed 

between the NAO (PNA) and each of the three analyzed variables. 

 

Figure 16. Average cross correlation coefficients between NAO/PNA and anomalies in 
temperature, MSLP, and IPW for the winters 2004-05 through 2013-14. 
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 Table 5. Cool season time series cross correlation coefficient values. 

 

Station Temp/NAO MSLP/NAO IWP/NAO Temp/PNA MSLP/PNA IPW/PNA 

KALB .03 .1 .02 -.08 -.05 -.05 

KBTV .04 .1 n/a -.07 -.04 n/a 

KCAR .02 .02 .01 -.02 -.02 -.03 

KCHX .04 .11 .03 -.06 -.06 -.04 

KPWM .04 .1 .02 -.05 -.05 -.02 

 

2). Regression/multi-regression analysis 

 In addition to the cross-correlation test, both linear and multi-linear 

regression tests were performed on both the full time series and cool season time series 

data. Results for the linear/multi-linear regression tests came back inconclusive. Both 

linear and multi-linear regression tests returned R^2 values well below any values that 

could be deemed significant. Likewise, multiple regression for 2nd and 3rd order 

polynomials returned insignificant R^2 values as well. Because these results were 

insignificant for each variable/location/time series, the observed R^2 values are not 

shown. After the three statistical tests (chi-squared, cross-correlation, linear regression) 

failed to return any significant results, composite analyses on select NAO/PNA 

combinations/variables for each time series were created to qualitatively explain the 
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notable average anomaly values discussed in section a of this chapter. Although statistics 

suggested the indices themselves can’t be significantly related to these variables, perhaps 

the height fields associated with each combination could shed some light on the observed 

average standardized anomalies. 

c. Composite Analysis 

1). Full Time series 

 (i) Temperature 

 After analyzing the Tables discussed in section a of this chapter, 

NAO/PNA combinations with noticeable anomaly values and patterns were composited 

in an attempt to qualitatively explain the observed values. Table 6 provides a list of the 

temperature composites made for the full time series as well as an explanation for why 

the composite was made. 
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Table 6. List of full time series temperature composites with number of occurrences N, 
and purpose for each. 

Composite Purpose 

VNNAO for all PNA 

N = 160 

Tendency for negative anomalies under these 
conditions 

VPPNA for all NAO 

N = 147, 168, 195, 150, 95 (VNNAO-VPNAO 
Respectively) 

Tendency for negative anomalies under these 
conditions 

VNPNA for NAO/PNAO/VPNAO 

N = 111, 103, 59 Respectively 

Tendency for positive anomalies under these 
conditions 

VPNAO/NPNA 

N = 132 

Secondary maximum positive anomaly at 4 
locations 

 

Two sets of composites were constructed to explain negative anomalies under a 

total of 10 NAO/PNA combinations. Each set of composites contained 5 combinations. 

The first set of composites constructed was for all VNNAO/PNA combinations (Figure 

17). The VNNAO/VNPNA temperature composite (Figure 17-a) is characterized by a 

ridge over the Midwest and northwesterly flow into the Northeast. A weak trough over 

the western U.S. is evident as well. The Bermuda High is well off the east coast with a 

weak trough axis extending NNE to SSW from coastal New England to Cape Hatteras 

between the Azores High and the Midwest ridge.  

Under VNNAO/NPNA conditions, the ridge observed in Figure 17-a is no longer 

present. There is instead zonal flow across the eastern U.S. and a slight northward 

displacement of the 10 C isotherm. The weak trough over the western U.S. is also no 
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longer evident as there appears to be an area of ridging in the region. An extension of the 

Azores high towards Florida was observed, and the trough axis over the eastern Atlantic 

observed in Figure 17-a is no longer visible. Northeast of New England there appears to 

be a closed off area of low heights associated with the 74 dam isoheight.  

When the PNA is in a neutral phase during a VNNAO (Figure 17-c), the trough 

axis mentioned in Figure 17-a is again visible and the flow into the Northeast again 

becomes Northwesterly. This is in association with cyclonic flow around the closed off 

low just Northeast of New England.   There is little anomaly in the heights over the 

western U.S., but there is a ridge over southwestern Canada that is steering continental 

polar air into the cyclonic flow from the low in the Northeast. The 10 C isotherm is also 

displaced back to a location similar to that seen in Figure 17-a. 

As the PNA becomes positive during a VNNAO (Figure17-d), the closed off low 

to the Northeast deepens and the ridge over western Canada strengthens. The trough axis 

off the east coast remains, and this continues to aid in producing northwest flow into the 

Northeast. The pattern during a VNNAO/VNPNA (Figure 17-e) is similar to the 

VNNAO/PPNA pattern. The major difference is the noticeable strengthening of the ridge 

over Western Canada, which appears to be positively tilted. There is also a significant 

deepening in the Northeast low, as the 74 dam isoheight is displaced southward from 

central New England to southern New England.  
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Figure 17. VNNAO/All PNA 925 mb height, winds, temperature composites. Solid 
dark lines represent geopotential height in dam. Wind barbs are in knots. Temperatures shaded in 
degrees C. 

a 

d c 
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The second set of composites used to explain tendencies for negative anomalies in 

temperature were a series of five NAO/PNA combinations (VPPNA for all phases of the 

NAO (Figure 18)).  Figure 18-a illustrates a shortwave trough in the Northeast and a 

ridge axis extending from the Midwest northward into southwestern Canada. This ridge 

appears to be displaced southeastward under PNAO/NAO (Figs. 18-b, 18-c) conditions 

with the axis extending from the south-central U.S. northwestward to the Great Plains in 

Figure 18- b and the Gulf of Mexico to northern Texas in Figure 18-c. The persistency of 

this ridge over the western U.S. allows for northwesterly flow towards the Northeast 

region. As the NAO becomes more negative, the VPPNA phase shows a deepening 

trough over the eastern U.S. and a building of the ridge over the western U.S./Canada 

providing more northwesterly flow into the Northeast. 

The most significant positive anomalies in temperature were observed under 

conditions in which either the PNA was in an extreme negative phase or the NAO was in 

an extreme positive phase. Figure 19 contains composites for the most notable positive 

anomalies values that were observed. In each of the four composites, there is relatively 

zonal flow north of New England. A trough over the western U.S. is followed by a strong 

presence of the Azores High downstream in each of the four composites. The Azores 

High extends well into southeastern U.S. under each composited combination and 

contains anti-cyclonic flow resulting in southwesterly flow and warm air advection 

towards the Northeast. However, in the Northeast region itself, winds appear to be 
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prevailing from the west. Figure 19-c exemplifies the warmest conditions as the 10 C 

isotherm is displaced further to the north than in any of the other three composites.  

 

Figure 18. VPPNA/all NAO 925 mb height, winds, temperature composites.    

        As in Figure 17. 
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Figure 19. Positive temperature anomaly composites. As in Figure 17 
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(ii) MSLP 

 The full time series composites for significant MSLP anomalies and 

patterns are listed in Table 6 with an explanation for the purpose of each composite.  

Table 7. MSLP Full time series composite list with number of occurrences N, and 

purpose for each. 

Composite Purpose 

VPPNA for all NAO 

N = 147, 168, 195, 150, 95 (VNNAO-

VPPNA Respectively) 

Anomalies in MSLP increase as NAO 

increases under these conditions 

VNNAO/All PNA 

N = 107, 128, 160, 189, 147 (VNPNA-

VPPNA Respectively) 

Tendency for negative anomalies 

VPNAO/PNA 

N = 131 

Maximum positive anomaly average 

 

Figure 20 illustrates the difference in MSLP, 500 mb heights, and the jet stream during a 

VPPNA as the NAO becomes more positive. Under VPPNA/VNNAO (Figure20-a) 

conditions (combination which held maximum negative anomaly), the Northeast is 

located to the southwest of a low pressure system which is centered over Newfoundland. 
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The 500 mb height composite analysis shows meridional flow with an amplified ridge 

over the western U.S. and a trough over the eastern U.S.. The jet stream composite 

highlights a jet streak southeast of New England, with the Northeast laying in between 

the poleward entrance/exit regions. 

 There is little difference between the 500 mb height field and the jet stream under 

VPPNA/NNAO conditions (Figure 20-b). The MSLP pressure composite for this 

combination is slightly different, as the previous low pressure system to the Northeast is 

no longer closed off and becomes replaced by a surface trough extending from 

Newfoundland southwestward into the southeastern U.S.. When the NAO is neutral under 

VPNAO conditions, the composite analysis for MSLP shows an extension of the trough 

axis seen in Figure 20-b. Over the Midwest, an area of nearly closed high pressure is 

present. The 500 mb height field over the western U.S./Canada remains unchanged, but 

the flow over the eastern U.S. appears to be more zonal. There is also a noticeable 

eastward displacement of the jet stream with the Northeast under the jet-entrance region. 

 When the NAO reaches a positive phase under VPPNA conditions, the area of 

high pressure in Figure 20-c becomes closed off over the Midwest. The surface trough off 

the Northeast coast is displaced Northward as the Azores High begins to extend into the 

eastern U.S.. The ridge over the western U.S. remains present at 500 mb, as does the 

zonal flow over the eastern U.S.. The jet stream composite (Figure 20-d) shows little 

differences from Figure 20-c. When the NAO reaches an extreme positive phase under 

VPPNA conditions (combination which yielded second largest positive anomaly), the 

Northeast lies between to closed off high pressure systems. One over the Midwest which 
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is also visible in Figure 20-d and the Azores high. The surface trough which is visible in 

Figures 20 a-d is now nearly non-existent, with only a slight hint of a shortwave surface 

trough extending northeastward from Newfoundland. As in Figures 20 a-d, the ridge over 

the western U.S./Canada remains intact. However, the zonal flow over the eastern U.S. 

has changed to slightly southwest as the region becomes located to the east of a newly 

visible shortwave trough. The jet stream composite in Figure 20-e reveals a 

northeastward displacement of the jet stream with the Northeast lying in the equatorward 

entrance region. 

 

 

a 

b 
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Figure 20. VPPNA/All NAO MSLP/500 mb/ jet stream composites. Solid dark lines 

represent isobars (mb)/isoheights (dam), jet stream shading represents wind speed (kts). 

 VNNAO conditions were composited for all PNA conditions because of 

noticeable negative anomalies that were observed under certain PNA conditions (NPNA, 

PPNA, VPPNA). Under VNNAO/VNPNA and VNNAO/PNA conditions, there was little 

to no variation in MSLP. The composite for VNNAO/VPPNA (Figure 20-a) conditions 

has already been discussed above. Figure 21 shows the MSLP, 500 mb height field, jet 

stream conditions for the remaining phases of the PNA under VNNAO conditions.  

d 

c 

e 
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The MSLP composite for VNNAO/PPNA conditions shown in Figure 21-a shows 

a southward displacement in the low pressure system to the Northeast of New England 

seen in the MSLP composite in Figure 20-a. The 500 mb height field is characterized by 

a ridge over the western U.S./ Canada and west-northwesterly flow over the Northeast. 

The position of the jet-stream in Figure 21-a is nearly identical to the one seen in Figure 

20-a with the only difference being a slightly more E-W oriented jet streak. The 

Northeast also appears to lie closer to the poleward entrance region as opposed to in 

between the poleward entrance/exit regions. 

 The MSLP in Figure 21-b (VNNAO/PNA conditions) is very similar to the one 

seen in Figure 21-a. The only noticeable difference is a slightly weaker low pressure 

centered off the coast of Newfoundland. This is evident by slightly higher pressure in the 

Northeast observed in Figure 21-b. Both the 500 mb level and jet stream level show 

relatively zonal flow across most of the U.S.. The jet stream is slightly stronger under 

these conditions with a slightly higher maximum visible off the coast of New England. 

 When the PNA becomes negative under VNNAO conditions (Figure 21-c) a low 

pressure system becomes visible to the Northwest of New England. The 500 mb height 

field is characterized by mostly zonal flow and a shortwave trough over eastern Canada. 

Flow at the jet stream level remains zonal as well and is accompanied by a zonally 

elongated jet streak. During an extreme negative NAO/PNA (Figure 21-d) the Northeast 

is located between an area of high pressure over the Midwest and an area of low pressure 

of the coast of New England, similar to the areas of low pressure observed in Figures 21 

a,b. The flow across the U.S. at 500 mb and the jet stream level is zonal as in Figure 21-c. 
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However, a noticeable difference between VNNAO/VNPNA and VNNAO/NPNA 

conditions is the presence of a negatively tilted trough whose axis extends from the 

Arctic Ocean southeastward toward the east coast of Newfoundland. 
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Figure 21. VNNAO/PNA Composites. As in Figure 20. 
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The greatest positive MSLP anomaly observed for the full time series occurred 

under VPNAO/PNA conditions (Figure 22). Under these conditions, there is noticeable 

zonal flow at 500 mb and the jet stream level. The jet stream composite in Figure 22 

yielded the strongest jet streak out of all the NAO/PNA combination jet levels that were 

composited. The Northeast lies in the equatorward entrance region of the jet stream under 

these conditions. The most notable feature in the MSLP composite is the vast extension 

of the Azores High into the U.S.. High pressure is visibly extending from the mid-

Atlantic Ocean all the way into the Ohio River Valley. The MSLP composite has two 

closed high’s centered over the Southeast and near Bermuda. 

 

Figure 22. VPNAO/PNA Composite. As in Figure 18. 

(iii) IPW 

 Table 8 provides a list of the NAO/PNA combinations composited to explain the 

significant anomalies in IPW that were observed. Figure 23 presents the four 

combinations that were composited to explain the primary and secondary maximum 

positive/negative anomalies observed for IPW. Figures 23 a, b are both characterized by 

northwest flow over the Northeast. Under NAO/NPNA conditions (Figure 23-c) there is a 

northward displacement of higher values of IPW toward the Northeast. There is also 
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more westerly flow in the Northeast and southwesterly flow in the southern/southeastern 

U.S. In terms of the flow, Figure 23-d is similar to Figure 23-c. However, there appears 

to be lower values of IPW in the Northeast. Figure 23-e shows conditions similar to/’. 

Figure 23-c in bother terms of the flow at 850 mb and IPW values. 

 

 

Table 8. IPW full time series composite list with number of occurrences N, and purpose 
for each. 

Composite Purpose 

VNNAO/PNA 

N = 160 

Highest negative anomaly 

NAO/PNA 

N = 203 

Second highest negative anomaly 

NAO/NPNA 

N = 190 

High positive anomalies 

                         VPNAO/NPNA 

N = 132 

High positive anomalies 

VNNAO/NPNA 

N = 128 

High positive anomalies 
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Figure 23. Full time series IPW Composites. Solid dark lines represent 850 mb heights (dam), 
wind barbs are in knots, shaded regions represent IPW in mm. 
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2). Cool Season Time Series 

 (i) Temperature 

 A list of the cool season temperature composites is provided in Table 9. 

The notable anomalies in temperature for the cool season time series all occurred under either 

extreme positive or negative PNA conditions. 

Table 9. Cool season temperature composite list with number of 

occurrences N, and Purpose for each. 

Composites Purpose 

VPPNA for all NAO 

N = 58, 75, 112, 68, 46 (VNNAO-
VPNAO Respectively) 

Negative Anomalies 

VNPNA for all NAO 

N = 59, 53, 60, 59, 40 (VNNAO-VPNAO 
Respectively) 

Positive Anomalies 

 

 When the PNA was in an extreme positive phase, temperature anomalies tended 

to be negative regardless of what phase the NAO was in. Under VNPNA conditions 

temperature anomalies tended to be positive, except when the NAO was in an extreme 

negative phase. Figure 24 presents a composite analysis for VPPNA conditions for each 

phase strength of the NAO. In each of the composites in Figure 24, northwesterly flow 

prevails in the Northeast. There is also of evidence of weak cold air advection in Figures 

24 b-e. When the NAO is in an extreme negative phase (Figure 24-a), a closed low off 

the coast of Newfoundland (similar to that seen in Figure 17-e) is observed. Under these 
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conditions, the prevailing flow in the Northeast appears to be more north-northwesterly 

than northwesterly. These conditions also show strengthening in cold air advection 

advection as the wind barbs are more perpendicular to the isotherms than under the other 

four NAO conditions.  

Under VNPNA conditions (Figure 25), there is a persistent ridge over the eastern 

U.S./Canada in all NAO phases with the exception of a VNNAO. Additionally, the 

Azores High extends into the southeastern U.S. producing southwesterly flow and warm 

air advection into the southeastern U.S.. The flow over the Northeast is more zonal and 

prevails from the west. This pattern is most consistent in Figures 25 c-e. When the NAO 

becomes negative (Figure25-b), a trough axis is visible off the East Coast, while the 

Northeast and southern Canada lie under a ridge axis. The prevailing flow under these 

conditions is still westerly, but more west-northwesterly than in neutral and positive 

phases of the NAO. Under extreme negative NAO conditions (Figure 25-a) the flow over 

the Northeast is predominantly from the northwest as the Northeast lies just to the west of 

a trough axis off the coast of New England. The ridge in Figures 25 b-e is displaced 

southward and the Azores High no longer has a strong presence in the southeastern U.S.. 
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Figure 24. Cool season temperature composites for VPPNA/All NAO. As in Figure 
15 
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Figure 25. Cool season temperature composites for VNPNA/All NAO. As in Figure 
15. 
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 (ii) MSLP 

 The cool season MSLP average anomalies showed a wide variety of 

noticeable anomaly values at each of the locations in the Northeast that were 

analyzed. The NAO/PNA phase combinations with the most noteworthy positive 

and negative anomaly values were composited for analysis (Table 10).  

Table 10. Cool season MSLP composite list with number of occurrences N, and 
Purpose for each. 

Composites Purpose 

VPNAO/VPPNA 

N = 46 

Positive Anomalies 

VPNAO/PNA 

N = 87 

Positive Anomalies 

PNAO/VNPNA 

N = 59 

Positive Anomalies 

VNNAO/VPPNA 

N = 58 

Negative Anomalies 

VNNAO/PPNA 

N = 75 

Negative Anomalies 

VNNAO/NPNA 

N = 58 

Negative Anomalies 

 

 

 Under VPNAO/VPPNA conditions (Figure 26-a), the MSLP composite 

analysis illustrates two closed off areas of high pressure, one being what appears to be the 



76 
 

Azores High off the Southeast Coast and the other being centered over the Mississippi 

River. In between these two areas of high pressure is a surface trough whose axis extends 

from just off the coast of North Carolina/Virginia northeastward to Newfoundland. Under 

these conditions the Northeast lies to the west of the surface trough axis and just outside 

the closed high centered over the Mississippi River. The 500 mb height fields illustrates a 

ridge over the western U.S. and a trough over the eastern U.S.. At this level, the 

Northeast appears to be east of where the trough axis would be. The jet stream in Figure 

26-a is located off the Northeast/Mid-Atlantic coast and is oriented WSW-ENE, with the 

Northeast lying in the poleward entrance region. 

 When the PNA is in a neutral phase under VPNAO conditions (Figure 26-b), the 

synoptic setup is similar to the setup in Figure 26-a. Two closed areas of high pressure 

off the Southeast Coast and the southeastern U.S. are visible with a trough axis in 

between. However, the trough axis in this scenario is displaced much farther to the north 

and only extends from coastal New England to Newfoundland. As in the case with Figure 

26-a, the Northeast lies in between this surface trough and the closed off area of high 

pressure over the Southeast. At 500 mb, there appears to be more zonal flow over the 

eastern U.S. and no evidence of a significant trough as in Figure 26-a. The jet stream is 

oriented SW-NE and is located to the north of the Northeast region with the Northeast 

lying in the equatorward entrance region of the jet. 

Figure 26-c shows the MSLP composite analysis for PNAO/VNPNA conditions. 

Under these conditions there is no longer two closed areas of high pressure as in Figures 

26 a-b. Instead there is one area of high pressure centered near Bermuda. There is 
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evidence of a surface trough trying to dig into this area of high pressure. The axis of this 

trough extends towards coastal Newfoundland similar to the surface troughs in Figures 26 

a-b. For this combination, the composite analysis shows the Northeast under a surface 

ridge. The flow at 500 mb is zonal with no visible trough/ridge pattern. The jet stream 

composite reveals a jet streak centered over The Great Lakes with the Northeast lying in 

the poleward exit region. 

 The most notable negative MSLP anomalies that were observed occurred under 

VNNAO conditions. However, these anomalies were only deemed notable under certain 

conditions of the PNA. These conditions and their composite analyses are highlighted in 

Figure 27. VNNAO/VPPNA conditions (Figure 27-a) reveal what appears to be a deep 

closed off area of low pressure off the coast of Newfoundland. The trough axis associated 

with this closed off area of low pressure extends from coastal Newfoundland south-

southwestward all the way to the Bahamas. The Northeast is located well inside this area 

of low pressure. At 500 mb, there is a highly amplified trough-ridge pattern with this 

trough in this scenario being located over the eastern U.S./Canada. There is also a visible 

closed low just north of Newfoundland. The jet stream composite for this combination 

shows the polar jet stream perhaps merging with the sub-tropical jet off the Southeast 

Coast. The Northeast is located in the poleward entrance region of this jet during this 

NAO/PNA phase combination. The setup for VNNAO/PPNA conditions (Figure 27-b) 

shows very little differences from the setup in Figure 26 at both sea level, 500 mb, and 

the jet stream level. The only noticeable difference is a more elongated jet core in Figure 

27-b.  
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When the PNA is in a negative phase (Figure 27-c), there becomes two areas of 

closed low pressure north of the Northeast. One is again off the coast of Newfoundland 

while the other is located over Quebec. The Northeast is located to the west of a surface 

trough axis under these conditions. At the 500 mb level there is a ridge over the western 

U.S., but the flow over the eastern half of the U.S. appears to be more zonal. The jet 

streak under these conditions is located over the Midwest and the Northeast lies in the 

poleward exit region. 

 

  

Figure 26. Composites associated with cool season positive MSLP anomalies. As in Figure 
20. 
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b 
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Figure 27. Composites associated with cool season negative MSLP anomalies. As in 
Figure 20. 
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(iii) IPW 

 

 The composites created for cool season IPW are listed in Table 11. For negative 

anomalies in IPW, there were two NAO/PNA combinations that yielded noticeable 

negative anomaly values. Both of these combinations occurred under VPPNA conditions 

while the NAO was in an extreme positive or negative phase (Figure 28). As discussed 

with Figure 24-a, VNNAO/VPPNA conditions are characterized by a closed low off the 

coast of Newfoundland and a ridge over western Canada at low levels. Figure 28-a 

illustrates the 850 mb height field to be very similar to the 925 mb height field seen in 

Figure 24-a. The northwesterly flow over the Northeast shows advection of lower values 

of IPW into the Northeast region. When the NAO is in a positive phase (Figure 28-b), 

there is still the presence of northwesterly flow in the Northeast. There is also a 

noticeable northward displacement of the 12 mm IPW contour. 
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Table 11. Cool season IPW composite list with number of occurrences N, and Purpose 
for each. 

Composites Purpose 

VNNAO/VPPNA 

N = 59 

Negative Anomalies 

VPNAO/VPPNA 

N = 46 

Negative Anomalies 

VNNAO/NPNA 

N = 58 

Positive Anomalies 

VNPNA/All NAO 

N = 59, 53, 60 , 59, 40 

Positive Anomaly tendency 

 

  

 When the NAO is in an extreme negative phase during NPNA conditions, the 

16mm IPW contour is displaced farther north than in any of the other NAO/PNA 

combinations that were composited for IPW. These conditions are characterized by a 

ridge over the western U.S. and zonal flow across the eastern half of the country. There is 

no evidence of strong advection of higher values of IPW into the Northeast region.  

Under VNPNA conditions, there is a persistency for positive anomaly of IPW in 

the Northeast. The only exception is under VNNAO conditions. When a combination of a 

VNNAO/VNPNA is present (Figure 29-b), northwest flow prevails in the northeast and 

there is weak advection of lower values of IPW into the Northeast region. Under all other 

NAO conditions (Figure 29 c-f), the Azores High has a stronger presence and helps 
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produce southwesterly flow into the southeastern United States, with prevailing westerly 

flow over the Northeast. There is also evidence of advection of higher IPW values 

towards the Northeast under these conditions. When the PNA is in an extreme negative 

phase, the major area of IPW transport appears to be the Gulf of Mexico over coastal 

Texas and Louisiana. 
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Figure 28.  Cool season composites associated with negative IPW anomalies. As in Figure 23. 
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Figure 29.  Cool season composites associated with positive IPW anomalies. As in Figure 23. 
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Chapter 4 

4. Application 

a. Limitations 

 The weak cross correlation values and poor regression analysis results indicate 

that the NAO/PNA daily indices are not suitable for day to day forecasting. However, 

consistencies between composite analyses and the observed average standardized 

anomaly values indicate the potential to use the NAO/PNA to anticipate the geopotential 

height field in long term forecasting. The CPC provides seven day forecasts of daily 

NAO/PNA indices that have a relatively strong correlation with observed values (.84 for 

NAO and .91 for PNA; NOAA 2016). If the flow pattern of the height field can be 

accurately forecasted with these indices in the long term, then the observed average 

standardized anomalies in some of the 25 NAO/PNA combinations could be used to point 

long term forecasters in the right direction when trying to make long term predictions of 

these variables.  

Given the lack of correlation between the standardized anomalies and the 

variables, it is important to examine the different members that make up the average 

standardized anomalies in each of the 25 combinations. Although a negative average 

anomaly may have been observed in a particular combination, it is possible there was a 

frequency of positive anomaly members that were outweighed by negative anomaly 

members. If a combination with a negative average standardized anomaly consists of a 

population that is 50% positive anomalies and 50% negative anomalies that average out 

to a negative anomaly, then the composite for this combination is likely going to show 

some source of cold advection (as observed in the composite analysis). In such a 
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situation, using an NAO/PNA phase combination with a negative average standardized 

anomaly to predict negative anomalies in the analyzed variables would be unsuitable, 

because 50% of the time this combination resulted in positive anomalies. However, if the 

population of an average standardized anomaly that was negative consisted of members 

that were 90% negative and 10% positive, then we could perhaps use such a combination 

to make long term forecasts with some confidence.  

 The members of larger average standardized anomalies (> |.25|) were examined to 

see what portion of the population lay on the side of the observed average (positive or 

negative). Any combinations with average standardized anomalies below .25 were 

assumed to have split populations, thus making them unsuitable for any kind of 

forecasting. This process was performed in order to assess the suitability of NAO/PNA 

combinations in long term forecasting. 

b. Full Time Series 

 There were four average standardized anomalies in the full time series data set 

that yielded an average of .25 or greater for at least two out of the four locations being 

discussed. The full time series average standardized anomalies for temperature consisted 

of two combinations that yielded average standardized anomalies greater than .25. The 

NAO/VNPNA combination yielded an average anomaly of at least .25 at three out of four 

locations while the PNAO/VNPNA combination yielded an average anomaly of .25 at 

only two out of the four locations. Only the NAO/VNPNA combination was analyzed to 

determine suitability for long term forecasting of positive temperature anomalies.  
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 Figure 30 provides a box and whiskers plot that illustrates the distribution of 

anomalies that make up the average temperature anomaly observed in the NAO/VNPNA 

combination. The plot indicates that 65% of the population consisted of anomalies > 0, 

while the remaining members of the average anomaly were negative. Because the 

members of the population seem to favor the negative side, we can say with low-mid 

confidence this combination favors a height field for negative anomalies. However, when 

forecasting for the long term we need to be aware that there are frequent occurrences 

where positive anomalies can occur. 

 

Figure 30. Box and Whiskers Plot.  Box represents 1st-3rd quartiles of population 

distribution. “whiskers” extend out to min and max values of population. 

 The second average anomaly in the full time series that was analyzed for 

suitability was the maximum average negative anomaly for MSLP observed under 

VNNAO/VPPNA conditions (~ -.25 - -.3). The box and whisker plot in Figure 31 
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suggests that only 60% of the population that makes up the maximum negative average 

anomaly consists of members that are negative. With 40% of the population being 

positive anomalies, it makes it difficult to use this combination as a forecast tool. 

 

Figure 31. As in Figure 30. 

 The maximum average positive MSLP anomaly for the full time series occurred 

under VPNAO/PNA conditions. The average standardized anomaly at the four locations 

being discussed were all +.3 or higher. 70% of the members that make up this average 

anomaly were positive (~78 occurrences). This can be visualized in Figure 32. With 

moderate confidence (based on this data set), we can expect the VPNAO/PNA 

combination to favor height fields that would result in anomalously high pressure.  
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Figure 32.  As in Figure 30. 

c. Cool Season Time Series 

In the cool season time series, each variable had a maximum/minimum average 

standardized anomaly that was >= +.25/ <= -.25. The maximum (minimum) average 

anomaly for cool season temperature occurred under NAO/VNPNA (VNNAO/VPPNA) 

conditions, with each of the four locations having an average standardized anomaly near 

+.3 (-.4). The population that made up the average of the maximum average standardized 

anomaly for temperature consisted of 63% positive anomalies and 37 % negative 

anomalies (Figure 33), while the population of the minimum average standardized 

anomaly consisted of 75% negative anomalies and only 25% positive anomalies (Figure 

34). These results suggest that based on this cool season time series data set, the 
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NAO/VNPNA combination can be used to project a height field that favors warmer 

temperatures (with low-mid confidence) and the VNNAO/VPPNA combination could be 

used to forecast cooler temperatures (with mid –high confidence) during the cool season. 

 

 

Figure 33. As in Figure 30. 
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Figure 34.  As in Figure 30. 

The combinations that yielded the maximum/minimum average standardized 

anomalies for MSLP during the cool season were the VPNAO/PNA and VNNAO/PPNA 

combinations respectively. In the VPNAO/PNA combination, there was an average 

standardized anomaly of about +.25 observed at each of the four locations. The 

VNNAO/PPNA combination yielded average anomalies near -.25.  

Of the 75 members of the VNNAO/PPNA MSLP standardized anomalies, about 45 of 

them (60%) were negative anomalies (Figure 35). The VPNAO/PNA combination, which 

had 87 members, consisted of 57 members that were positive anomalies (~66%) (Figure 

36). Based on these results, the VNNAO/PPNA combination could be used to anticipate a 

height field that favors below normal pressure with low-mid confidence, while a 
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VPNAO/PNA combination can be used to forecast a height field that favors above 

normal pressure with moderate confidence (based on this data-set).  

 

Figure 35. As in Figure 30. 

 

Figure 36. As in Figure 30. 



93 
 

 IPW maximum/minimum average standardized anomalies were observed in 

NNAO/VNPNA and VNNAO/VPPNA combinations respectively. The maximum 

average anomaly at each of the four locations was around +.3 while the minimum 

average anomaly was around -.3.  Figures 37-38 present the distribution of the members 

of the averages associated with each combination. The NNAO/VNPNA combination 

consisted of a nearly split population of positive and negative anomalies. Due to the wide 

variability of this population, the NNAO/VNPNA combination cannot be used as a tool 

for the long term prediction of positive IPW values. 

 However, the VNNAO/VPPNA combination that made up the minimum average 

IPW anomaly consisted of a population that included 80% negative anomalies and only 

20% positive anomalies. This supports the use of this combination as a long term forecast 

tool for negative anomalies in IPW. Due to the high population of negative anomalies, a 

height field favoring below normal moisture can be anticipated with moderate-high 

confidence. 
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 Figure 37.  As in Figure 30. 

 

 Figure 38. As in Figure 30. 
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Chapter 5 
5. Discussion and Conclusions 
a. Summary 

The primary objectives of this research were to explain how different phases and 

combinations of the NAO/PNA teleconnection patterns affect weather in the Northeast 

using both statistical analysis and composite analysis. Several works relating to this topic 

(Ning and Bradley 2015; Archambault 2008; Notaro 2006; Leathers et. al 1991; Yarnal 

and Leathers 1989) provided this research with the hypothesis that warm moist (cold dry) 

days and higher (lower) pressure would be expected under positive NAO and negative 

PNA (negative NAO and positive PNA) conditions. Daily NAO/PNA index values were 

compared to 30 day standardized anomalies in temperature, MSLP, and IPW. The 

comparisons were made using several statistical methods. The computed anomalies were 

sorted into 25 NAO/PNA combinations to identify combinations with a tendency for 

significant anomalies in each variable. Combinations that yielded significant average 

anomaly values were then composited to provide a qualitative explanation for the 

observed value. 

b. Caribou  

Out of the five Northeast locations data were gathered from, the results from Caribou 

were the least significant. Results from the data gathered from the other four locations 

were all very similar. The lack of significant/similar results from the data gathered from 

Caribou is likely attributed to it’s very different climate. Albany, Burlington, Chatham, 

and Portland all lie within the temperate mid-latitude climate zone. Caribou however lies 

significantly farther north of these areas in the transition zone between the temperate and 
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sub-polar climate. This suggests that the NAO/PNA teleconnection patterns may have 

less of an influence on sub-polar regions and more of an influence on areas of the mid-

latitudes. The reason for this is unknown, it is only a theory for explaining the lack of 

results in Caribou’s data.  

c. Cross Correlation 

The cross correlation results, as discussed in chapter 3, yielded weak values. These 

low values, although statistically significant at the 95% confidence level, suggest there is 

not strong correlation between the three analyzed variables and the NAO/PNA 

teleconnection indices on a daily basis. However, the relationships that were observed for 

temperature and pressure were consistent with previous literature in terms of the signs of 

the relationships (positive/negative).  A positive relationship with the NAO and both 

temperature and pressure is consistent with previous studies (Ning and Bradley 2015) that 

suggest a higher (lower) NAO index will result in warmer (cooler) temperatures and 

higher (lower) pressure. Ning and Bradley (2015) however, didn’t use raw temperature to 

determine this relationship, their study focused on relating temperature extremes to the 

NAO. This difference in the methodology is likely the reason the relationships between 

the NAO and temperature were much weaker in this study (but still positive). 

Similarly, the sign of the PNA correlation values were consistent with previous 

literature (Leathers et al. 1991; Yarnal and Leathers 1988) that suggest the PNA index 

has an inverse relationship with Northeast temperature and pressure (cooler (warmer) 

temperatures with higher (lower) PNA index values and higher (lower) pressure with 

lower (higher) PNA index values). The correlation results in conjunction with 

observations from previous literature suggest that there may be tendencies for positive 
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anomalies in temperature and MSLP with a more positive NAO and a more negative 

PNA and a tendency for negative anomalies in temperature and MSLP with a more 

negative NAO and a more positive PNA.  

The PNA teleconnection had slightly larger correlation values with IPW than the 

NAO. An inverse relationship was observed between the PNA and IPW as well. The 

relationship between this moisture parameter and the PNA is consistent with a finding by 

Archambault (2008) in which an inverse relationship between the PNA and cool season 

precipitation anomalies was observed. The weaker relationship observed between the 

NAO and IPW was a positive relationship, which is also consistent with prior research 

that suggests moist conditions are more common during positive phases of the NAO. 

d. Chi-squared/Regression Analysis 

The chi-square test performed on each of the contingency Tables in Appendices A, B 

indicate that the standardized anomalies in the three analyzed variables are independent 

of the NAO and PNA daily indices. The near 0 R^2 values for each regression test that 

was performed on the data helps conclude that daily anomalies in temperature, MSLP, 

and IPW cannot be explained by daily NAO/PNA indices. Because of these inconclusive 

results, the composite analyses were used to qualitatively determine if different 

NAO/PNA combinations can impact weather on a daily basis in the Northeast.   

e. Composite Analysis 

The composite analyses, although consistent with some of the higher average 

standardized anomalies, could not be used to provide a direct explanation for the average 

standardized anomalies that were observed in certain NAO/PNA combinations. This was 

because of a high likelihood that a significant amount of the members that made up each 
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average standardized anomaly/composite were contradictory to the average that was 

observed. 

After observing the population members of the combinations in which the highest 

average standardized anomalies were observed, it was found that some combinations 

could be used, with moderate-high confidence, to explain the height field that was 

resulting in the associated average anomaly. Moderate confidence was subjectively 

determined by an average anomaly having ~65% of its population on the same side as the 

mean (positive or negative). The combinations, variables, time series, and confidence 

level for the combinations that may be able to explain the average standardized anomalies 

with their associated composites are listed below.  

 Full Time Series: 

• NAO/VNPNA, + Temperature Anomalies, Low-Moderate 

Confidence 

• VPNAO/PNA, + MSLP Anomalies, Moderate Confidence 

Cool Season Time Series: 

• VNNAO/VPPNA, - Temperature Anomalies, Moderate-High 

Confidence 

• NAO/VNPNA, + Temperature Anomalies, Low-Moderate 

Confidence 

• VPNAO/PNA, + MSLP Anomalies, Low-Moderate Confidence 

• VNNAO/VPPNA, - IPW Anomalies, Moderate-High Confidence 
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f. Conclusions 

After using both statistical and composite analyses to identify relationships between 

25 potential combinations of the NAO/PNA teleconnections patterns and three 

atmospheric variables in the Northeast, the scientific questions stated in chapter 1 were 

answered. Linear and multi-liner regression tests revealed that there was no relationship 

between daily NAO/PNA indices and daily temperature, MSLP, and IPW anomalies in 

the northeast. Neither the NAO/PNA individually nor together can be used to predict 

daily anomalies in the analyzed variables. There are also no strong relationships between 

these indices and anomalies in the analyzed variables during any of the 25 possible 

NAO/PNA combinations that were mentioned. The chi-square test performed on the 

contingency Tables in Appendices A-B indicate that the observed average values (or 

most of them) are likely the result of a random distribution. 

Most of the composites associated with the analyzed NAO/PNA combinations and 

their associated average standardized anomalies could not be related with high 

confidence. However, in the cool season time series, the VNNAO/VPPNA combination 

consisted of composite members that produced a height field that resulted in anomalously 

low temperatures and anomalously low moisture 75-80% of the time. This combination 

had the strongest relationship with any of the variables that were observed. Under 

VNNAO/VPPNA conditions, the height field is favored to have a deep low off the coast 

of Newfoundland that produces strong north-northwesterly flow into the Northeast which 

acts to transport cold dry air into the region.  
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Another conclusion can be made that the strength of each phase makes a difference in 

shaping the geopotential height field. There were several occurrences where strong 

positive/strong negative combinations yielded significantly different values than those 

observed in weak positive/weak negative combinations. 

 Because the majority of these maximum average anomaly values occurred under 

either extreme NAO or extreme PNA conditions, there is reason to believe that extreme 

phases of these teleconnections are more likely to produce a height field that may aide in 

producing significant anomalies in these variables.  

g. Forecasting  

The seven day forecasts for the NAO/PNA daily indices tend to have a strong 

correlation with observed values with correlation values getting as high as .85 for the 

NAO and .91 for the PNA (CPC 2016). Because these indices are well forecasted, the 

results from chapter 4 of this research could be useful for long term forecasters. A simple 

cheat sheet that color codes what to expect under certain NAO/PNA conditions could be 

used as a tool to help forecasters hedge their bets. A confidence level for each 

combination and its associated forecast could be constructed as well. For example, a map 

of the Northeast shaded in blue (for cooler temperatures) to represent what to forecast 

when the seven day NAO/PNA index forecast is projecting VNNAO/VPPNA conditions. 

Similar cheat sheets could be constructed for moisture and MSLP as well. These 

forecasting tools could only be used to point forecasters in the right direction. Forecasters 

would have to keep in mind that other mesoscale/synoptic features that can’t be 

accounted for by the NAO/PNA indices can frequently change the expected height field. 
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h. Future Work 

One statistical test not used in this study was principal component analysis. Cross 

correlation, linear regression, and chi-squared tests were used as the first statistical tests. 

Future work could include trying to relate different principal components of temperature, 

MSLP, and IPW to daily NAO/PNA index values. Seeing consistent patterns between 

observed average anomaly values and synoptic composites provides hope that although 

these values themselves are not related to the NAO/PNA indices, perhaps their principal 

components are. 

 A conclusion of this study was that the strength of each NAO/PNA phase makes a 

difference in shaping the geopotential height field, future works could be centered around 

identifying which combinations of the NAO/PNA may be associated with high impact 

events. This would be a similar approach that was taken by Archambault (2008) in which 

cool season major precipitation events were compared to NAO/PNA combinations. The 

primary difference would be accounting for the strength of each phase, and perhaps 

looking into a variety of high impact events (blizzards, floods, convective weather, etc.). 

Additionally, investigating patterns between NAO/PNA phase combinations and 

monthly anomalies may prove useful for monthly/seasonal forecasting. This research idea 

would be similar to the Notaro (2006) study, but the major methodology change would 

again be accounting for the strength of each NAO/PNA phase.  

 Finally, it would be useful to add to the potential forecasting techniques in the last 

section. Instead of using these indices to only point forecasters in the direction of warm 

or cold and wet or dry, it would be more beneficial if long term forecasters could use 
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these indices to predict significant events. For example, it would be helpful to investigate 

which of these NAO/PNA combinations provide the best setup for wintry precipitation in 

the winter or convective weather in the summer. To develop a tool for these kinds of long 

term forecasts, similar research would have to be conducted, but with data from days 

where those kind of events took place. 
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APPENDIX A 

Tables of Full Time Series Average Standardized Anomaly Values for each 

NAO/PNA combination by location. Positive (Negative) Values Highlighted in Red 

(Blue). 

*One 0 Value Highlighted in Yellow. 
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APPENDIX B 

Tables of Cool Season Time Series Average Standardized Anomaly Values for each 

NAO/PNA combination by location. Positive (Negative) Values Highlighted in Red 

(Blue). 
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