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ABSTRACT 

Climate variability, trends, and associated relationships with global and hemispheric 

teleconnection patterns in mountainous regions remain poorly understood. Previously identified as 

an anomalous region with respect to climate change, the southern Appalachian Mountains provide 

a unique opportunity for analyzing long-term trends and variability in the winter season alongside 

known large-scale patterns. This paper investigates trends in climatological winter snowfall and 

analyzes relationships with global and hemispheric teleconnection patterns between 1910 and 

2017. Results reveal that the southern Appalachian Mountains have experienced high intraregional 

variability of trends in snowfall. Statistically significant (α < 0.05) relationships were found with 

snowfall relative to phases of the AO, ENSO, NAO, and PDO. The negative phases of the AO and 

NAO, the warm phase of the PDO, and El Niño patterns favor positive snowfall anomalies 

throughout the southern Appalachian Mountains. However, the strength of the relationships 

between each of these global/hemispheric patterns is spatially diverse with variability of snowfall 

in the western reaches and high elevations being highly dependent on the phase of the AO and 

NAO. However, eastward facing slopes and foothill locations see ENSO as a dominant force for 

snowfall. The analysis of these large-scale patterns reveals favorable scenarios for anomalous 

snowfall to occur in the region 
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INTRODUCTION 

The southern Appalachian Mountains (SAMs) contain some of the most diverse biological, 

topographical, and climatological environments in the United States and offer a unique backdrop to 

investigate winter climate variability and change (Fig. 1). Exhibiting the greatest topographic relief 

in the eastern US, the mountainous terrain of the SAMs plays a pivotal role in weather patterns, 

where orographic effects result in high spatial variability in both precipitation and snow cover across 

the region (Sugg et al., 2016). Annual snowfall can vary substantially with some valley locations 

averaging less than 25 cm of snowfall each winter and the adjacent mountaintops routinely 

surpassing 250 cm (Martin et al., 2015). Despite multiple studies investigating long-term climatic 

changes in the southeastern United States (SEUS) as a whole, few have focused on changes and 

trends in the SAMs (Ellenburg et al., 2016).  
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Figure 1: Topography of the southern Appalachian Mountains located primarily in the southeastern United 

States. Study area spans the states of Georgia, South Carolina, Tennessee, North Carolina, Virginia, 

Kentucky, and West Virginia. 

Identified as globally anomalous climate change regions, the SAMs and SEUS experienced a 

noticeable cooling trend of mean temperatures in the 20th century (Portmann et al., 2009). Often 

grouped in studies with surrounding states that experience much less snowfall than the mountains 

themselves, it can be difficult to understand what sort of trends in snowfall exist in the SAMs. What 

is known, however, is that the number of snowfall events in the SEUS have been decreasing 

considerably since 1930 (Kluver & Leathers, 2015). This decline is not limited to only the SEUS, 

with a majority of North America having experienced decreases in snowfall and snow cover since 

the start of the 20th century (Kunkel et al., 2016). The number of days with snow cover in the winter 

season have also experienced a widespread decline in the US, although there are anomalous regions 

where the length of the snow cover season has increased (Zion et al., 2011). 

Due to their location in the mid-latitudes and proximity to the Great Lakes, Gulf of Mexico, and 

Atlantic Ocean, the SAMs are in an area ideal for the development of snowstorms throughout the 

winter season. Cyclones that originate in the Gulf of Mexico before tracking along the Atlantic 

Coast, identified as Miller A and Miller B systems, are the primary contributors to heavy snowfall 

in the region (Miller, 1946). A variety of other synoptic patterns known to produce snowfall in the 

SAMs include upper level cut-off lows, clippers, and north-eastward tracking Colorado lows (Perry 

et al., 2010; Kelly et al., 2012). Spatially, Gulf lows contribute a majority of snowfall to eastern 

facing slopes. Northwest flow snow (NWFS) events contribute more than 50% of the annual 

snowfall to windward and high elevation locations (Perry et al., 2010). With the variety of storm 

patterns affecting the region and the spatial distribution of snowfall on both the event and annual 

basis being drastically different, analysis of trends in snowfall is crucial to understanding the role 

global teleconnections play in seasonal variability within the SAMs climatic subregions. 

The identification of the SAMs as a globally anomalous region regarding climate change and the 

known impacts of several global and hemispheric teleconnection patterns guided this research by 

proposing the following questions: (1) How has the winter climate of the SAMs changed since the 

early 20th century and (2) what are the influences of large-scale global and hemispheric patterns on 



the interannual variability of snowfall? In this study, we analyze long-term trends in snowfall across 

different climatic subregions of the SAMs in order to establish global and hemispheric 

teleconnection pattern regimes favorable for producing climatically anomalous conditions in the 

SAMs. 

METHODS OF ANALYSIS 

Study Area and Climate Regions 

Stretching from Georgia to West Virginia and encompassing the Black, Blue Ridge, and Great 

Smoky Mountains, this study area is known to be one of the most biologically, climatologically, and 

topographically diverse regions in the United States. Elevations within the study area reach their 

peak at 2,037 m asl (above sea level) at the top of Mt. Mitchell, the highest point east of the 

Mississippi River. Snowfall amounts in the SAMs on both the event and annual basis can vary 

drastically, with these differences being most pronounced in higher elevation and valley locations. 

Variability of snowfall amounts in the SAMs is enhanced by NWFS, which accounts for 50% of 

annual snowfall on windward and higher elevation locations but contributes little to eastward facing 

slopes and lower elevation locations (Perry et al., 2007). It is due to these climatic differences that 

the study area has been divided into 14 unique climate regions based on similarities in snowfall 

patterns, elevation, and topography (Fig. 2) (Perry, 2006; Sugg et al., 2016). A final super region, 

simply identified as the SAMs, takes the snowfall records from the 12 regions with adequate data 

to understand trends on a larger regional scale. The technique of averaging each of the climate 

region’s COOP stations seasonally helps to alleviate some of the issues that would be prevalent with 

missing or inaccurate data at individual COOP stations (Table 1).  

  

Figure 2. Climatic subregions of the southern Appalachian Mountains. 

 

 



Table 1. Climatic subregions and associated observer stations. 

 

 
Climate Region COOP Stations 

1.  Southern Tennessee Valley Athens, Cleveland, Dayton, Kingston, 

Knoxville, Lenoir City, Pikeville 

2.  Southwest Mountains Blairsville, Andrews, Murphy, Copperhill 

3.  Southern Foothills Clayton, Helen, Toccoa, Forest City, Tryon, 

Pickens 

4.  Great Smoky Mountains Hot Springs, Marshall, Waynesville, 

Gatlinburg 

5.  Southern Blue Ridge Asheville, Brevard, Cullowhee, Fletcher, 

Franklin, Highlands 

6.  Southern Plateau Allardt, Crossville, Norris, Oneida, Tazewell 

7.  Northern Tennessee Valley Bristol, Elizabethton, Greeneville, Kingsport, 

Rogersville, Abingdon 

8.  High Country Banner Elk, Blowing Rock, Boone, Celo, 

Jefferson, Transou, Mountain City 

9.  Central Foothills Lenoir, Marion, Morganton, North 

Wilkesboro, Yadkinville 

10.  New River Valley Sparta, Blacksburg, Floyd, Galax, Pulaski, 

Wytheville  

11.  Northern Foothills Martinsville, Philpott Dam, Roanoke, Rocky 

Mount, Stuart 

12.  Central Plateau Baxter, Pennington Gap, Wise, Big Stone Gap, 

Grundy 

13.  Northern Plateau Burkes Garden, Bluefield, Flat Top, 

Lewisburg, Union, White Sulphur Springs 

14.  High Peaks (Above 1220 m) Grandfather Mountain, Mt. Mitchell, 

Swannanoa, Mt. Leconte 

 

Climate Data 

This study defines the winter season as the climatological winter months of December, January, 

and February. Past research has shown that the signal between snowfall and global/hemispheric 

patterns is strongest during this period and weakens once the transition to spring occurs (Hartley, 

1999). The analysis period for this study spans from December 1910 to February 2017. For each of 

the climate regions, monthly snowfall data for individual COOP stations were collected from the 

National Center for Environmental Information’s Global Historical Climatology Network. Data 

from these stations were collected by volunteer observers, which poses concern regarding the 

validity of some datasets, with the considerable challenges in accurately measuring snowfall and 

observer error often calling into question snowfall totals (Doesken & Leffler, 2000). In order to 

maintain as accurate of a representation as possible, this study excluded data from stations with less 

than 90% coverage of the boreal winter season in the observations. The mean snowfall for each 



region was calculated by averaging the total snowfall from each of the region’s COOP stations that 

met the 90% threshold.  

Identified as recurring and persistent large-scale patterns of pressure and circulation, global and 

hemispheric teleconnection patterns have a profound impact on weather conditions regionally. For 

this study, we identified two dominant Pacific patterns and three Arctic/Atlantic patterns. Gathered 

from NOAA’s Earth System Research Laboratory (ESRL), the winter indices of the El Niño-

Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) patterns were obtained by 

averaging the DJF monthly indices for each teleconnection. A seasonal value of ENSO found to be 

≤ -0.5 implied that the winter season was associated with a La Niña pattern, values ≥ 0.5 indicated 

a boreal winter pattern associated with El Niño, and values that fell between -0.5 and 0.5 indicated 

a neutral phase of ENSO. Using SST anomaly data poleward of 20N in the Pacific basin, the average 

DJF index of the PDO represents two distinct phases. Positive DJF indices for the PDO indicated a 

warm phase for that season and a negative value indicated a cool phase. The three identified 

Arctic/Atlantic teleconnection patterns analyzed in this study include the Atlantic Multidecadal 

Oscillation (AMO), Arctic Oscillation (AO), and NAO. For the purpose of this study, any averaged 

negative values found in a given season for the AO and NAO translates to a seasonal pattern 

dominated by the negative phase of the teleconnection, and a positive value implies the inverse 

(NCAR, 2016; NCAR, 2017). Also obtained from NOAA’s Earth System Research Laboratory, 

positive values of the AMO indicate a warm phase of the pattern, with negative values indicating 

the cool phase for that winter season.  

All of the data were tested for normality using the Anderson-Darling test (α<0.05). In order to 

analyze differences in snowfall based on each teleconnection pattern, we used the Mann-Whitney 

U two-sample rank sums test, which is a nonparametric test that examines differences of means. 

Using simple Pearson’s correlation, we analyzed the relationship of snowfall with respect to the 

identified global and hemispheric patterns for each climate subregion. P-values for this stage of the 

project were set at the 0.05 level to assure the most accurate results possible. After establishing the 

strongest relationships between the identified global teleconnection patterns and climate conditions 

in the SAMs, the study also grouped similar teleconnection patterns in order to identify conditions 

favorable for producing anomalous climatic patterns in the study area. 

RESULTS AND DISCUSSION 

 

Trends in Snowfall 

The SAMs have seen no significant trend in snowfall since the start of the 20th century. While 

some subregions do show a general decline in snowfall over time, a majority of the SAMs have 

experienced a non-significant increase, namely the High Peaks. Those found along the eastern 

escarpment have seen a non-significant decline in snowfall (Fig. 4). It is important to note that 

snowfall amounts are also spatially variable with regions that border each other often exhibiting 

drastically different snowfall totals. For example, the 2009-2010 winter season saw the High 

Country subregion accumulate 146.5 cm of snow, while the Northern Tennessee Valley and the 

Central Foothills only saw 34.1 cm and 53.7 cm respectively. For the SAMs as a whole, the 1917-

1918 winter season experienced the greatest amount of snowfall with a mean of 70.0 cm, which is 

substantially more than the 1.1 cm experienced during 1931-1932, the winter season with the least 

amount of snowfall. Snowfall in the 1960s and early 1970s was highly anomalous, with snowfall 

between December 1962 and February 1971 averaging more than 40.4 cm across the SAMs. This is 

in stark contrast to the start of the 2000s, where from December 1999 to February 2008 snowfall in 

the SAMs averaged 17.5 cm, with eastern subregions like the Southern Blue Ridge and Central 

Foothills averaging less than half of their 1951-1980 normal snowfall.  



 

 

Figure 4. Trends in snowfall for the subregions of the southern Appalachian Mountains. 

While no long-term trend can be detected with snowfall, recent decades have hinted at a general 

decline in snowfall totals. One explanation could be unseen changes in the lower troposphere, where 

the presence and strength of the warm nose can often mean the difference between snow and rain in 

the SAMs (Perry et al., 2010). If temperatures in the warm nose rise above 0˚C, snowflakes are more 

likely to melt, reaching the surface as a mixture of sleet and freezing rain (Bell & Bossart, 1988). 

Highlighting the importance of understanding subregional patterns in the SAMs, there are some cold 

air damming events where the topography of the southeastern slopes and adjacent foothills assists 

in locking in cold air, allowing frozen precipitation to persist much longer than in areas to the south 

and northwest. Further analysis is needed to understand how synoptic patterns and storm tracks have 

changed during the period and how these may be related to the snowfall trends. Slight deviations in 

storm track, frequency, and intensity often can mean the difference between rain and snow in the 

SAMs.  

 

Global and Hemispheric Pattern Impacts on Snowfall 

The results of the Mann-Whitney tests indicate that for all 14 subregions within the SAMs, the 

negative phase of the NAO patterns are significantly (α<0.05) snowier than positive NAO winters. 

However, differences with the AO are not as significant with eastern subregions, like the Northern 

Foothills and New River Valley. In regards to the PDO, similar results were found with a majority 

of the subregions experiencing significantly (α<0.05) snowier conditions during the warm phase of 

the pattern, with those found east of the Blue Ridge Escarpment having the least significant 

differences. Inversely, only eastward regions were found to have significant differences in snowfall 

dependent on the ENSO phase. No significant differences in snowfall were found based on the phase 

of the AMO.    

For each of the 14 climate regions analyzed in this study, the AO, ENSO, NAO, and PDO display 

significant relationships with boreal winter snowfall (Table 4). However, the strength of these 

relationships are very much spatially dependent. Subregions prone to receiving NWFS have much 

stronger relationships with the AO and NAO than eastward facing slopes. Similarly, the PDO has a 

much stronger relationship with western subregions. The PDO, while still significant for a majority 

of the SAMs, has much weaker relationships regarding snowfall with eastward facing slopes and 



foothill subregions. ENSO is found to favor three Gulf low and Miller system favored subregions, 

the Southern Blue Ridge, Central Foothills, and the High Peaks. Westward facing subregions have 

no relationship with ENSO regarding snowfall. The AMO lacks any significant relationships with 

snowfall in the SAMs.  

Table 4. Statistical relationships between climatic subregion snowfall and identified large-scale global 

and hemispheric patterns. 

Climate Regions DJF AMO DJF AO DJF ENSO DJF NAO DJF PDO 

S. Appalachian Mountains -0.09 -0.46**   0.24* -0.55**    0.29** 

S. Tennessee Valley -0.06 -0.46** 0.13 -0.52**    0.30** 

Southwest Mountains -0.16 -0.42** 0.19 -0.41**    0.28** 

Southern Foothills -0.10 -0.39**   0.23* -0.40**    0.22** 

Great Smoky Mountains -0.07 -0.34**   0.20* -0.49**      0.14 

Southern Blue Ridge -0.04 -0.42**     0.25** -0.51**    0.26** 

Southern Plateau -0.11 -0.39** 0.09 -0.46**    0.27** 

N. Tennessee Valley -0.07 -0.48** 0.11 -0.54**    0.26** 

High Country -0.09 -0.50**   0.23* -0.58**    0.26** 

Central Foothills -0.14 -0.37**     0.28** -0.41**      0.18 

New River Valley -0.09 -0.27**   0.24* -0.37**   0.24* 

Northern Foothills -0.09 -0.27**   0.21*   -0.35**   0.21* 

Central Plateau -0.19 -0.35** 0.13    -0.47**     0.37** 

Northern Plateau -0.06 -0.36**   0.20*   -0.45**     0.31** 

High Peaks -0.04 -0.45**     0.34**   -0.47**     0.37** 

*Significant at the .05 Level 
**Significant at the .01 Level 

     

 

The NAO, which is significant (α<0.05) for all regions, has the most prevalent relationships with 

the westernmost mountains and loses strength east of the Blue Ridge Escarpment (Fig. 6). The 

general relationship between the NAO and snowfall is also shared with the AO, with prevalence for 

more significant relationships in NWFS event favored areas. For the SAMs as a whole, the 10 

snowiest years on record were accompanied by a –NAO phase. The inverse is true for the 10 least 

snowy winters on record where 90% of the seasons correspond to a +NAO phase. While the +PDO 

may favor heavier snowfall in the SAMs, the same cannot be said for highly anomalous snowfall as 

the top ten snowfall years in the region are equally represented by –PDO and +PDO patterns. 

Similarly, a scattering of strong/moderate El Niño and La Niña events, as well as neutral patterns 

can be seen in both the top and bottom ten snowfall years.  



 

Figure 6. Strength of the relationship between the NAO and snowfall in the southern Appalachian Mountains 

by climatic subregion. 

 

ENSO and the PDO 

Based on the classifications outlined by Jia & Ge (2017), this study identified 13 moderate El 

Niño events and 12 moderate La Niña events. The study also identified 19 strong El Niño events 

and 20 strong La Niña events. In the SAMs, there are no substantial differences in snowfall totals 

during strong El Niño events dependent on the phase of the PDO, with strong El Niño events 

associated with the –PDO averaging 0.8 cm more than strong El Niño/+PDO events. However, the 

difference in snowfall amounts with moderate El Niño events are substantial in the SAMs with 

moderate El Niño events associated with +PDO phases nearly doubling the snowfall amounts found 

in the region with average seasonal totals of 41.2 cm compared to the 21.0 cm found during moderate 

El Niño/–PDO patterns (Fig. 8). These findings are evident throughout all 14 climate regions, with 

the greatest difference existing between snowfall totals found along the western subregions and 

southernmost extent of the SAMs, with the Southern Tennessee Valley seeing 4.1 times as much 

snowfall during +PDO/moderate El Niño events than –PDO/moderate El Niño seasons. While still 

substantially different, subregions along the eastern slopes of the SAMs experience between 1 to 

1.5 times as much snowfall during the favorable pattern.  



 
Figure 8. Comparison of snowfall amounts for the southern Appalachian Mountains based on the strength of 

ENSO and the phase of the PDO. 

 

Little difference in snowfall amounts were found during strong La Niña events. While snowfall 

totals were below average, strong La Niña events coupled with –PDO patterns average 20.2 cm 

compared to strong La Niña seasons paired with a +PDO pattern averaging 18.1 cm, both 

substantially less than that experienced during strong El Niño events. Notably, the comparison of 

moderate La Niña events dependent on the phase of the PDO is less impressive than that of moderate 

El Niño events. Moderate La Niña winters coupled with a +PDO pattern amount to 1.3 times the 

amount of snowfall than moderate La Niña winters coupled with a –PDO. Similar to moderate El 

Niño events, there is a spatial component to differences in snowfall based on moderate La Niña 

winters, with consistent 1 to 1.5 times the amount of snowfall during +PDO events throughout 

western and high elevation subregions, with the differences decreasing substantially in the eastern 

foothills. Subregions found along the southernmost extent of the study area, such as the Southwest 

Mountains and Southern Foothills actually receive substantially less snowfall during moderate La 

Niña/+PDO winters. 

Global and hemispheric teleconnection patterns have a considerable impact on the winter climate 

of the SAMs, with the ENSO, NAO, and PDO having the greatest influences on snowfall throughout 

the region. Our results confirm the findings and inferences of previous studies that snowfall in the 

SAMs exhibit statistically significant relationships with the NAO (Fig. 9) (Hartley, 1999). More 

importantly, our results indicate that the strength of the ENSO pattern and the associated PDO phase 

are equally important in determining snowfall amounts in the SAMs. Notably, higher snowfall 

amounts are seen in the region during both moderate phases of the ENSO when coupled with a warm 

PDO pattern. These differences are evident throughout the SAMs, with the greatest differences seen 

along the eastern escarpment of the Blue Ridge Mountains.  



 

Figure 9. Plotted relationship between snowfall in the SAMs and the winter NAO index. 

 

While past research has identified similar relationships, our study reveals an important spatial 

aspect to these relationships that previously has not been discussed. Like trends in snowfall, the 

relationship between each teleconnection pattern and snowfall is spatially diverse. Eastward facing 

slopes and foothill locations favor Pacific patterns in determining seasonal snowfall amounts, with 

ENSO playing a much more substantial role in these areas. High elevation and western subregions 

are more dependent on the pattern of the NAO/AO, with much less Pacific influence. One 

explanation for these spatial differences are the synoptic patterns commonly associated with 

snowstorms in the SAMs. For the eastern subregions and foothill locations, Miller systems are the 

dominant contributor to snowfall amounts and are much more prominent during El Niño patterns. 

While western subregions and high elevation locations also benefit from Miller storms, a majority 

of these areas’ annual snowfall come from NWFS events (Perry et al., 2007). The negative phase of 

the NAO is believed to enhance winter troughs along the East coast of the US and in turn creates an 

environment suitable to produce NWFS off the Great Lakes (Cohen et al., 2014). Due to the eastern 

foothill locations dependence on Pacific patterns for producing snowfall and high elevation and 

western subregions favoring Arctic patterns, simply creating seasonal forecasts on the projected 

pattern of ENSO is faulty in nature. 

 

SUMMARY AND CONCLUSIONS 

 

In this study, long-term regional climate data were analyzed alongside several global and 

hemispheric teleconnection patterns to improve understanding of the winter climate in the 

anomalous SAMs. Analysis revealed little to no change in seasonal snowfall since 1910. However, 

recent years and decades have hinted at more volatility in the winter season, with a general decline 

in annual snowfall since the mid-1960s throughout the study area. There are several factors that 

have aided in the region’s winter variability. Winter seasons dominated by the negative phase of the 

AO and NAO favor heavier snowfall for the region with the inverse being true for years with 

stronger positive phases of the NAO. The Pacific also plays a role with snowfall totals in the region 

with the warm phase of the PDO corresponding to more snowfall in the SAMs. For ENSO, El Niño 

events favor positive snowfall anomalies but the relationship is not as spatially extensive as with the 

AO, NAO, and the PDO. The multidecadal nature of the AMO hindered seasonal analysis, with no 

relationships being found between the pattern and the winter climate of the SAMs. Continued 

analysis of climatically anomalous regions like the SAMs is crucial to understanding the impact of 

naturally occurring global and hemispheric forcings in masking, or in some cases, amplifying the 

impacts of the warming global climate.  
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