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ABSTRACT 

Accurate assessment of snowfall patterns in high elevation remote areas is essential to providing the 

necessary boundary conditions for climatological analyses. The Southern Appalachian region of the 

eastern U.S. provides a unique study area due to its low latitude and proximity to the Gulf of Mexico 

and Atlantic Ocean. Major snowstorms, such as Hurricane Sandy in October 2012, can result in 

heavy snowfall of 100 cm or greater in favored upslope regions. These properties make the 

understanding of precipitation patterns especially important as deep snowpack is often exposed to 

heavy rainfall, cloud immersion, and high dew point temperatures, further exacerbating flooding 

threats. To contribute to this understanding, we deployed the Mobile Precipitation Research And 

Monitoring (MOPRAM) station on Roan Mt. (1875 m asl) on the Tennessee/North Carolina border 

in October 2012. MOPRAM has allowed for the analysis of liquid equivalent precipitation, new 

snowfall, snow depth, air temperature, and relative humidity at high temporal resolutions during the 

2012-13 snow season. This paper analyzes the observed snowfall event characteristics (e.g., new 

snowfall, liquid equivalent precipitation, local atmospheric conditions, and synoptic patterns) and 

how these characteristics compare to other sites in the southern Appalachian Mountains. Between 

October 2012 and March 2013 over 60 discrete precipitation events were categorized, nearly half of 

which (25) qualified for further analyses. Results indicate that multiple storms were associated with 

low-level temperature profiles greater than the dry adiabatic lapse rate, and that the Roan Mountain 

site received on average 3.2 times more snow liquid equivalent (SLE) than nearby Poga Mt. (1018 

m asl) for events in which snow was observed at both locations. The 364 mm of SLE on Roan Mt. 

represented 40% of the observed precipitation and yielded an estimated seasonal snowfall of 391 

cm.  

Keywords: Orographic snowfall, new snowfall properties, southern Appalachian Mountains  

INTRODUCTION 

The Southern Appalachian Mountain (SAM) region serves as a unique testbed for the analysis of 

snowfall climatology due to a combination of factors, including frequent ephemeral snowfall due to 

relatively low latitude and exposure to a variety of synoptic regimes including Gulf and Atlantic 

lows. Additionally, this region is characterized by considerable topographic relief leading to high 

spatial variability of precipitation. The most extreme of these spatial gradients are associated with 

northwest flow snowfall (NWFS) which is often characterized by orographically enhanced 

precipitation on northwest slopes in the wake of synoptic-scale subsidence behind a surface cold 

front (e.g., Perry and Konrad 2006, Perry et al. 2010, Keighton et al. 2009). The SAM includes 
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portions of seven states but primarily consists of western North Carolina, eastern Tennessee, and 

southwest Virginia. With an elevation range between 183 and 2037 m asl, this region has some of 

the most significant topographical prominence in the eastern United States (Fig. 1). Key features of 

this domain include the east-facing Blue Ridge Escarpment in NC, the Great Smoky Mountains 

National Park on the borders of NC/TN, and the Black Mountains in north central NC which are 

home to Mount Mitchell, the highest point east of the Mississippi River (2037 m). Snowfall in the 

region can annually average from less than 10 cm in the southeast foothills to over 250 cm in high-

elevation windward escarpment regions such as Mt. LeConte in the GSMNP (Perry and Konrad 

2006). 

 

                    

                         Figure 1. The southern Appalachian Mountain Region. (Perry and Konrad 2006). 

 

Properly measuring antecedent snow cover conditions is necessary as significant snow depth in 

higher terrain can pose flooding threats should heavy rainfall soon follow. Such an example in the 

Southern Appalachians occurred in 1998 when antecedent snow cover around 30 cm (possibly up 

to 100 cm at the highest elevations) coupled with heavy rainfall on the order of 175 mm lead to 

rapid stream level rise on 7-8 January claiming seven lives (Hunter and Boyd 2009). 

Despite a fair degree of awareness of these high spatial gradients in snowfall, collecting reliable 

snowfall data remains a challenge (e.g., Ramussen et al. 2012, Doesken 2000). This sparse 

distribution is furthermore difficult to analyze as many stations are located at low-lying and/or 

populated areas, leaving insufficient sampling of the most extreme climates experienced by the 

highest elevations. Attempts to mitigate this data scarcity have developed through citizen science 

programs such as the Community Collaborative Rain Hail and Snow Network (CoCoRaHS, e.g., 

Cifelli 2005, Doesken 2007) and the NOAA Cooperative Observer Program (COOP, e.g., Holder et 

al. 2006). These programs have significantly increased data density throughout the region, but gaps 

still remain, especially in the GSMNP region. The National Park is not void of data collection, 

however, as a series of studies (e.g., Barros 1998, Prat and Barros 2009) have placed a network of 

rain gauges on its eastern flank to provide data for orographic precipitation research. While these 

stations have the capacity to report liquid snow equivalent, they can only do so during post-event 

melting periods due to their remote location and infrequent maintenance. 

Efforts to account for these ground-truth data gaps have been attempted through various remote 

sensing and modeling techniques. While the parameterization of multivariate orographic 

precipitation regression models is not a particularly new concept (e.g., Hevesi 1992, Bassist 1994), 

its application in the SAM region, particularly with NWFS, has only recently been explored (e.g., 

Perry and Konrad 2006). Primary findings through these modeling efforts found that the governing 

factors of orographic precipitation distribution remain tied to both wind speed and direction as well 
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as a particular escarpment’s exposure to the prevailing synoptic wind flow regime (e.g., Basist 

1994). While these studies have contributed greatly to the understanding of orographic precipitation 

distribution, error still remains an issue—it has been shown that elevation tends to be favored in the 

statistical output rather than a windward escarpment trends observed in reality. (Perry and Konrad 

2006). 

The absence of snowfall monitoring stations at high-elevation locations along with a low 

understanding of the spatial distribution of snowfall in Southern Appalachia is what guides this 

study to investigate the event-level snowfall characteristics for a site favorable for heavy snowfall. 

Through this dataset an understanding of high-elevation precipitation characteristics can then be 

applied to other high-elevation sites. We seek to answer the following questions in this study: 

1. What atmospheric variables most influence snowfall event characteristics in high 

elevation sites (e.g., liquid equivalent, snowfall, lapse rates)? 

2. How effectively can we estimate seasonal snowfall and snow depth using automated 

methods?  

3. How do these automated snowfall measuring methods compare with observed snowfall 

at similar high elevation sites? 

 

DATA AND METHODS 

 

Roan Mountain MOPRAM 

To build a unique climatology for a high-elevation site favorable for snowfall, we installed the 

MObile Precipitation Research And Monitoring (MOPRAM) station on the Roan Mountain just 

south of the Tennessee Border (elevation ~1876 m asl) on 30 September 2012. The custom-built 

platform includes the OTT Pluvio2 weighing precipitation gauge and associated alter wind shield, 

OTT Parsivel2 disdrometer and present weather sensor, Campbell Scientific CR1000 datalogger, 

sonic snow depth sensor, soil moisture and soil temperature sensors, solar radiation sensor, 

temperature and relative humidity sensor, and photovoltaic power supply and battery (Fig. 2). We 

deployed the MOPRAM station in a clearing surrounded red spruce and Frasier fir conifers, 

providing an optimal site for minimizing wind effects on precipitation measurements and snow 

accumulation. Unfortunately, the low sun angle, frequent storms, and associated cloud cover and 

snow build up on the solar array led to the failure of the battery supply for the OTT Parsivel2 

disdrometer and present weather sensor (e.g., Löffler-Mang and Joss 2000). For this study, the 

disdrometer was used as a corroborative tool to determine when snowfall was occurring and guide 

event delineation (e.g., Löffler-Mang and Blahak 2001). 
 

                                 
 

                                                  Figure 2. Roan Mountain MOPRAM station. 

 



 

130 

 

Wind and Radar Data 

 

In addition to the Roan Mountain MOPRAM site, a suite of instrumentation on nearby high 

elevation sites allowed us to generate additional data for event statistics. For the purposes of 

synoptic–scale wind and echo height determination, the geographic displacement of these stations 

from the original MOPRAM (Fig. 3) is relatively small allowing for a reasonable inter-comparison 

of variables either not available at the Roan Mountain study site.  Wind data were collected from a 

10 m tower atop Poga Mountain (1150 m asl) and Grandfather Mountain (1812 m ASL). A vertically 

pointing Microwave Rain Radar (MRR)(e.g., Peters et al., 2002) was deployed at 1018 m asl at the 

bottom of Poga Mountain to further contribute to both precipitation type estimation via hydrometeor 

Doppler velocity and investigation of the vertical structure of snow events. 

  

                                           Figure 3. Locations of primary monitoring stations. 

 

Snowfall Event Categorization  
We manually derived snow events using a multi-parameter approach combining temperature, 

snow depth, and echo top height/MRR Doppler velocities. The beginning of an event was 

determined by the first hour when solid precipitation greater than 0.25 mm (i.e., >trace) was 

observed; maturation at the hour of heaviest solid precipitation as measured by liquid equivalent 

precipitation from the Pluvio2, and ending at the last hour of recorded solid precipitation. An event 

remained active as long as measurable solid precipitation was reported during a 6-hr period; breaks 

over 6 hrs resulted in the identification of separate snowfall events. Snowfall events required that 

non-zero liquid precipitation be recorded with surface temperatures near or below freezing. 

Additionally, a total event snow depth differential of greater than 1 cm was required as this is the 

minimum resolution of the snow depth sensor (Fig. 4).  
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 Figure 4. Schematic for delineating snowfall events for 2012-2013 season at Roan Mountain, NC. 

 

We also used MRR data to assist in determining precipitation type for more difficult mixed 

precipitation events as many hours of observed precipitation resulted ineligible or zero snow depth 

change despite temperatures well below freezing associated with freezing rain. The mixed 

precipitation events that likely minimized snow depth differentials were rather common, 

necessitating the corroboration of other parameters. By using a combination of reflectivity and 

velocity (Fig. 5), snowfall (rainfall) levels could be reasonably determined by identifying the level 

at which lower (higher) reflectivity and fall speeds existed. 

 

Figure 5. Example of using MRR echo top heights (17-18 January 2013), fall velocities at Poga Mountain for 

estimation of freezing height level and precipitation type at Roan Mountain (black line). 

 

Derivation of Snowfall Event Statistics  
Upon determining individual snowfall events, statistical characteristics based on raw and derived 

data were generated (Table 1). Events chosen for analysis were found to be the most pertinent and 

descriptive with regards to both synoptic and mesoscale-level snowfall dynamics and were 

considered important predictors for heavy snowfall accumulation across the Southern Appalachians. 

The synoptic-scale circulation associated with each snow event was classified according to a 

modified version (Perry et al. 2013) of the Perry et al. (2010) manual scheme developed for an 

analysis of snowfall events in the Great Smoky Mountain region of the southern Appalachian 

Mountains. The modified classification scheme is hybrid in nature, with part of the classification 
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performed manually through analysis of surface and upper-air charts and all available observations 

(including radar) and the other part performed in an automated fashion according to wind direction 

at event maturation. Lapse rates were derived using the height differential between Poga and Roan 

Mountains (dz = 800 m) and analyzed at the event level to explore the level of instability within 

each snowfall period. Temperatures used were those at event maturation to explore whether this 

maximum was convectively driven by synoptic instability rather than the sole contributor of the 

orographic enhancement effect. The latter (i.e., orographic enhancement) was also calculated as the 

ratio of Roan total liquid precipitation to the event hours’ total reported at the Poga Mountain station. 

Precipitation type at both stations is considered and broken up into rain and snow for Roan and 

Poga. The addition of freezing rain for the study site was warranted after a sufficient number of 

hours showed sub-freezing precipitation accumulation with little to no snow depth differential 

reported by the acoustic snow depth sensor. Seasonal snow depth totals were derived using acoustic 

sensor data and a variety of methods: A maximum-minimum approach was the sum of differentials 

between maximum and minimum reported snow depth for the catalog of events. Similarly, the 6-

hour snowfall accumulation method used a sum of differentials but only those reported at standard 

COOP observing times (i.e., 0, 6, 12, 18 UTC) to compare with official guidelines.  A third method 

incorporated known snow liquid ratios (SLRs) for concurrent events by generating the product sum 

of liquid equivalent reported at Roan and the reported SLR at Poga Mountain. In the event of an 

event yielding only rain and/or negligible snowfall at Poga Mountain, a “warm SLR” of 5:1 was 

applied to the corresponding Roan Mountain total to provide a conservative estimate of the density. 

 

RESULTS AND DISCUSSION 

 

Summary Statistics 

We determined that 25 snowfall events during the 2012-2013 snow season from 1 Oct 2012 to 31 

May 2013 were suitable for further study (Table 1). Event dates ranged from 28 October 2012 to 04 

April 2013. Variance within the event hours was particularly high, with event durations ranging 

from 1 to 69 hours in length; those of higher length were attributed to prolonged northwest flow 

snowfall, with the record event length belonging to Hurricane Sandy. Total event liquid equivalent 

precipitation was approximately 364 mm with minimum (maximum) of 2 mm (79 mm), the latter 

being attributed again to Sandy.  

 

                 Table 1. Summary statistics for 2012-2013 event categorizations at Roan Mountain. 
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Hurricane Sandy 

The interaction of Hurricane Sandy with a potent upper-level disturbance provided a unique case 

for the new instrumentation suite to record (Galarneau et al. 2013). In late October 2012 a long wave 

mid-latitude trough phased with an extratropical cyclone (previously Sandy) resulting in potent 

cyclogenesis (Fig. 6) and strong prolonged northwest flow as the system passed to the northeast. 

The most extreme values of the wintertime campaign (Fig. 7) for Roan Mountain were recorded 

during this event, with peak wind gusts on Grandfather Mountain exceeding 35 m s-1.  

  
 

  

 Figure 6. 500 hPa heights, winds for 12z 28 October 2012 (top left) and 00z 30 October (bottom left), Surface   

analysis and satellite for same times (top right, bottom right). 

                           

Figure 7. Event duration synoptic code, temperature, hourly precipitation, and relative humidity for Hurricane 

Sandy Remnants 28 Oct – 01 Nov 2012, Roan Mountain, NC. The station saw a total of 87.6 mm SLE, yielding 

an estimated 71-89 cm storm total snowfall. 
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Wind Direction 
Wind direction histograms sampling the 472 event hours showed a strong northwest tendency for 

both sites (Fig. 8), indicative of the post-frontal nature of many of the snow events witnessed during 

the 2012-2013 season. Seventy one percent (336 event hours) of Poga’s wind records during 

snowfall events were between 270 and 360 degrees, with a negligible second maximum of easterly 

winds. Grandfather Mountain saw a similar dominance in northwesterly winds, with sixty seven 

percent (319) of event hours observing wind directions between 270 and 360 degrees. 

 

 

Figure 8. Wind frequency histograms for all event hours at Poga (top) and Grandfather (bottom) Mountains. 

 

Statistics by Synoptic Event Class 

Summary statistics delineated by synoptic event type (Table 2, e.g., Perry et al. 2010) show a 

dominance of Miller-type cyclones (e.g., Miller 1946) throughout the season contrasted with an 

absence of cutoff lows. While the greatest value of events was classified as non-U (0 < Maturation 

WD < 250), the greatest contribution by hours and liquid equivalent snowfall was brought forth by 

Miller-type events. Miller A-B cyclones contributed the greatest amount of seasonal snowfall 

(32%). However, Gulf systems brought the greatest amount of seasonal liquid precipitation 

contribution (23%). The significant contribution of X-U events was attributed to the Sandy 

remnants, as only one other tropical cyclone (Hurricane Ginny, 1963) may have resulted in snowfall 

in the southern Appalachian Mountains. 
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Table 2. Event summary statistics by synoptic event class. 

 

 

Lapse Rates 
The majority of observed lapse rates (Fig. 9) were particularly high for a synoptic environment 

conducive to subsidence inversions. All but seven events recorded an absolutely unstable profile 

(>9.8 °C km-1, red line) for the derived rates using Poga and Roan maturation air temperatures. Event 

minima can be attributed again to cold air damming events, a synoptic regime characterized by 

surface high pressure being overrun by warm air advection aloft, creating very low or even inverted 

lapse rates (e.g., Bell and Bosart 1988). The highest lapse rates were associated with Miller events 

as well as upslope events and those left unclassified. Lower lapse rates were also associated with 

clipper systems and those events classified as upslope (i.e., those with minimal synoptic influence 

or advection). The effects of high lapse rates on atmospheric instability and snowfall totals seen in 

this study could be compared to that of the Great Lakes, where convection embedded within 

snowstorms can yield high snowfall amounts (e.g., Nizol et al. 1995). 

        

Figure 9. Derived lapse rates by event number for 2012 -2013 snowfall season. Adiabatic lapse rate of 9.8 C 

km-1 is highlighted in red. 
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Orographic Enhancement 
With the exception of a few outliers, the ratio of Roan Mountain to Poga liquid equivalent 

precipitation totals remained a factor of approximately threefold (mean 3.2, Fig. 10).Two of the 

events (06 Nov 2012, 05 Mar 2013) recorded higher enhancement factors significant at the 0.95 

level; a third event (26 Dec 2013) was just short of this significance (p ~0.94). Additionally, six 

events were not categorized due to a lack of reported concurrent precipitation at both the Roan and 

Poga Mountain sites. Both peaks in orographic enhancement occurred during Miller B systems 

passing to the south, with the third strong enhancement factor being associated with a Gulf low. 

Careful consideration should be applied when considering the ratio of precipitation at both 

stations alone. Other factors including mesoscale convective forcing or timing of precipitation 

during the temporal peripheries of each event should also be accounted for. Additionally some of 

the highest values for the orographic enhancement factor were found during the lighter events, where 

little additional liquid equivalent precipitation was required to greatly increase this precipitation 

ratio. 

 

Figure 10. Orographic enhancement ratios (ratio of Roan to Poga event total liquid precipitation) for snowfall 

events for season 2012-2013. 

 

Precipitation Distribution by Type 
Snowfall accounted for roughly 25 and 40 percent of total seasonal precipitation for Poga and 

Roan mountains, respectively. Additionally, freezing rain was considered at the Roan Mountain site 

due to a substantial amount of sub-freezing precipitation hours yielding near-zero snowfall 

accumulation from the snow depth sensor. Freezing rain hours, defined as those recording 

precipitation with zero snow depth differential and sub-freezing temperatures, consisted 

approximately 133 mm (12%) of the season total 916 mm liquid equivalent precipitation.  

Table 3. Distribution of seasonal precipitation by type for Poga and Roan for 2012-2013 snow season. 
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Seasonal Snowfall Trends 

Seasonal trends in snow depth (Fig. 11) indicate nearly continuous snow cover from late 

December through early April. Because the snow depth sensor was installed after Hurricane Sandy, 

a linear increase was used to predict approximate accumulation throughout the storm using the event 

start time and constant snow accumulation rate of 0.4 cm/hr. Additionally, we found that 53% (22%) 

of all hours between 28 October and 04 April had observed snow depth greater than 1 cm (> 25 

cm).. This translates to approximately 125 (43) snow cover days above 1 cm (25 cm). Additionally, 

snow cover was present 66% of the time during DJF and 88% of hours during JFM. The nearly 

continuous nature of the snow cover, especially during mixed precipitation or heavy rainfall events, 

warrants further investigation given the high flood hazard. 

 

Figure 11. Seasonal snow depth recorded by acoustic sensor on Roan Mountain for 2012-2013 season. 

 

           Table 4. Manual snow depth and SWE measurements taken during 2012-2013 snow season on Roan Mountain. 
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1 Nov 2012 43 88 203 

1 Jan 2013 20 44 219 

22 Jan 2013 18 34 193 

10 Feb 2013 28 65 232 

4 Mar 2013 41 99 244 

10 Mar 2013 48 141 292 

30 Mar 2013 33 66 200 

14 Apr 2013 0 0 N/A 

 

Seasonal snowfall totaled an estimated 391 cm, comparative to the actual observations of several 

windward high-elevation sites (Table 5). The primary reason for this higher amount of estimated 

snowfall using the snow liquid ratio can be attributed to a combination of factors including 

compaction during the accumulation phase of snowfall events leading to lower automated snow 

depths recorded and the presence of mixed precipitation types including freezing rain in warmer 

events. Compared with nearby stations, the Roan SLR method of snowfall determination displays a 

reasonably enhanced volume of snowfall for the 2012-2013 season. Seasonal snowfall derived from 

the snow depth sensor alone, however, resulted in a significant underestimation of event and total 

snowfall as the rate of accumulation was often equal to the rate of settling in the longer events, 
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resulting in no new snowfall being recorded even though significant snowfall was still occurring 

(e.g., Ryan and Doesken 2008). Regardless of method used, these values suggest seasonal snowfall 

greatly above the average annual snowfall for the most favored of windward escarpments, with sites 

such as Mt. LeConte seeing 327 cm during 2012-2013 compared to 250 cm average annual snowfall. 

 

                             Table 5. Seasonal snowfall (cm) for 2012-2013 season at select sites.  
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SUMMARY AND CONCLUSIONS 

 

Twenty five snowfall events were categorized based on precipitation, temperature, and snow 

depth data for Roan Mountain, NC. Events are evaluated in detail to better understand the snowfall 

event climatology for several remote, high elevation sites in the Southern Appalachian Mountains. 

In the 472 categorized snowfall hours, 364 mm of liquid equivalent precipitation fell at the site, 

consisting of 40% of all seasonal precipitation for dates 30 October 2012 to 04 April 2013. While 

the average event duration was highly variable, with range of event hours being from one hour for 

a passing shower to 69 hours for the remnants of Hurricane Sandy. Wind directions remained 

primarily west-northwest by distribution for the snowfall event hours, accentuating the dominance 

of northwest flow snowfall events occurring over the snowfall season. Manual classifications 

showed that Miller-style events (e.g., A, B, A/B) dominate both temporal and liquid equivalent 

precipitation statistics for the season. Most events were found to demonstrate low-level instability 

despite being in a setting of synoptic-scale subsidence using derived lapse rates, with the average 

lapse rate approaching adiabatic (9.59 C km-1), only offset by a few cold air damming event outliers. 

Various methods of seasonal snowfall derivation yielded an annual snowfall total for the site of up 

to approximately 391 cm, exceeding other notable high elevation sites such as Mt. Mitchell and 

Beech Mountain. Future work to improve snow depth estimates could involve accounting for 

underestimated values due to compaction (e.g., Ryan and Doesken 2008). 

Despite the MOPRAM being in an area climatologically known for ephemeral snow cover, a 

significant portion of the season was spent under the influence of some snow pack. The presence of 

greater than 1 cm snow cover (104 days, 53%) and significant snow cover of  >25 cm (43 days, 

22%) demonstrates well the prevalence of snow at high elevation sites. The findings from this study 

present an insightful preliminary look at the snowfall event characteristics for an often unsampled 

environment. While high-elevation COOP stations do exist (e.g., Mt. Leconte, Mitchell), few 

northwest flow snowfall escarpment instrumentation sites are installed. This study provides a unique 

first look at some of the most extreme snowfall climatology in the southeastern U.S. As additional 

data become available for this station and various new metrics are also considered (e.g., NARR 

upper level parameters, verification with current precipitation grids (e.g., AHPS, PRISM), synoptic 

snowfall patterns will emerge that can be used to develop climatologies for both the use of long-

term climate model parameterizations and short-term weather forecasting analogs. 
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