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Abstract 
 
Synoptic Variability of Extreme Snowfall in the St. Elias Mountains, Yukon, Canada 
Caroline Andin 
 
Glaciers of southwestern Yukon (Canada) and southeastern Alaska (USA) are presently experiencing 
high rates of annual mass loss. These high melt rates have mainly been investigated with respect to 
regional temperature trends, but comparatively little is known about how climate variations regulate 
snow accumulation on these glaciers. This study examines the synoptic weather patterns and air flow 
trajectories associated with extreme snowfall events in the central St. Elias Mountains (Yukon). The 
analyses are based on data retrieved from an automated weather station (AWS) between 2003 and 
2012, which provide the longest continuous records of surface meteorological data ever obtained from 
this remote region.  

The AWS data reveal that 47 extreme snowfall events (> 27 cm per 12 hours) occurred during this 
period, of which 79 % took place during the cold season months. Air flow trajectories associated with 
these events indicate that a vast majority had their origin in the North Pacific south of 50°N. Less 
frequent were air masses with a source in the Aleutian Arc/Bering Sea region and the Gulf of Alaska, 
and in a few rare cases precipitating air was traced to continental source regions in Western Canada 
and Alaska. Composite maps of sea-level pressure and upper-level winds associated with extreme 
snowfall events revealed a frequent synoptic pattern with a low-pressure area centered over the Kenai 
Peninsula (Alaska), which drives strong southerly winds over the Gulf of Alaska towards the St. Elias 
Mountains. This pattern is consistent with AWS data wind recordings during snow storms. The most 
typical synoptic configurations of the North Pacific low-pressure area during extreme snowfall events 
are either elongated, split, or single-centered, and these situations represent possible seasonal 
analogues for the different states of the Aleutian Low in the subarctic North Pacific. However, neither 
the geographical position or intensity of negative sea-level pressure anomalies, nor surface pressure 
gradients associated with extreme snowfall events are good predictors of the actual snowfall SWE 
amounts recorded in the central St. Elias Mountains. Estimated snowfall and total precipitation 
gradients with altitude were confirmed to be much steeper (by up to ~30 %) on the continental side 
(Yukon), than on the coastal side (Alaska) of the St. Elias Mountains, reflecting the strong orographic 
division between the continental and coastal marine climatic regimes. Finally, patterns of 500-mb 
geopotential height anomalies associated with extreme snowfall events at Divide were compared with 
those associated with unusually high accumulation years in an ice core from the nearby Eclipse 
Icefield. Results confirm previous findings that associate high snow accumulation winters in this 
region with the presence of a strong dipole pressure structure between western North America and the 
Aleutian Low region, a structure which resembles the positive phase of the Pacific North American 
atmospheric circulation pattern. 
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Populärvetenskaplig sammanfattning 
 
Synoptiska variationer vid extrema snöfall i S:t Eliasbergen, Yukon, Kanada 
Caroline Andin 
 
De höga smälthastigheter som uppmätts på glaciärer i S:t Eliasbergen (Yukon, Kanada) har främst 
undersökts utifrån regionala temperatureffekter, men hur storskaliga (synoptiska) klimatvariationer 
reglerar snöackumulation på dessa glaciärer är mindre känt. Denna analys belyser synoptiska mönster 
och rekonstruerade banor av luftmassor i samband med extrema snöfall i den centrala delen av S:t 
Eliasbergen. De iakttagelser som gjorts i denna studie bygger på data som hämtas från automatiserade 
väderstationer (AWS) mellan 2003 och 2012, vilka ger den längst sammanhängande dokumentationen 
av markmeteorologisk data som någonsin erhållits från denna plats. 

AWS data avslöjar att 47 extrema snöfall (> 27 cm per 12 timmar) inträffade på glaciären under 
denna period, varav 79 % ägde rum under den kalla årstiden. I samband med dessa snöfall visar det sig 
att en stor majoritet av luftmassebanorna hade en utgångspunkt i norra Stilla havet söder om 50°N. 
Mindre vanligt var att luftmassor utgick från Aleuterna/Berings hav och Alaskabukten, och i några 
sällsynta fall spårades luftmassorna till kontinentala utgångspunkter i västra Kanada och Alaska. 
Luftmassebanorna från norra Stilla havet visade främst syd-nord cykloniska luftflöden, medan 
luftmassorna från Aleuterna/Berings hav och Alaskabukten indikerade väst-öst cykloniska luftflöden. 
Sammansatta kartor indikerade ett likartat synoptiskt mönster av ett lågtryckscentrum över 
Kenaihalvön (Alaska) för dessa tre marina källområden. Lågtrycket drev starka sydliga cykloniska 
vindar över Alaskabukten mot S:t Eliasbergen och detta vindmönster överensstämde med AWS data. 
De typiska synoptiska situationerna i samband med extrema snöfall kännetecknades antingen av ett 
långsträckt, ett delat eller ett litet lågtryckscentrum. Dessa kunde kopplas till olika möjliga tillstånd av 
det Aleutiska lågtrycket i norra Stilla havet. Studien kunde inte bekräfta att lågtryckscentrums 
geografiska placering, anomalier av havsnivåtryck eller tryckgradienten starkt reglerade de extrema 
snöfallmängderna uppmätta från AWS data på studieplatsen. De beräknade nederbördsgradienterna 
bekräftades vara brantare på den kontinentala sidan (Yukon) än på kustsidan (Alaska) av S:t Elias- 
bergen, vilket återspeglade skillnader mellan den kontinentala och den kustnära marina klimatzonen. 
Slutligen jämfördes avvikande geopotentiella höjdmönster i samband med extrema snöfall med 
tidigare studieresultat av extrem snöackumulation i isborrkärnor från den intilliggande glaciären 
Eclipse. Resultaten indikerar att dessa mönster delvis korrelerade till tidigare resultat och bekräftar 
förekomsten av en liknande dipol-tryckstruktur mellan västra Nordamerika och Aleuterna. 
 
Nyckelord: Snö, glaciärer, Yukon, synoptisk meteorologi, Aleutian Low 
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1. Introduction  

Glaciers in the St. Elias (Yukon Territory, Canada) and Wrangell Mountains (Alaska, USA) cover an 

area of more than 40,000 km2. Presently, these glaciers are experiencing some of the highest regional 

thinning rates worldwide (Barrand & Sharp, 2010). Concurrently, mean air temperatures in 

northwestern Canada and southeastern Alaska increased by ~1-2 °C since the mid-20th century 

(Arendt et al., 2009; Barrand & Sharp, 2010). Changing glacier melt rates in the southern Yukon have 

been primarily investigated in relation to air temperature variations, but there is comparatively limited 

knowledge of how changing synoptic climate patterns may affect snow accumulation rates on these 

same glaciers. This type of information is needed to more accurately forecast the long-term future 

response of glaciers to regional climate warming, and the resulting impacts on glacial/nival meltwater 

supply, and on glacier contributions to eustatic sea-level rise. 

The climate of the interior sectors of the St. Elias Mountains, Yukon, is known mainly from 

indirect observations by satellites (e.g., cloud cover) and from limited, episodic surface observations, 

because no permanent weather stations exist there. However, ice cores drilled through the thick 

icefields that occupy the alpine valleys or that cap high mountains, have allowed proxy records of 

changing climate variables (air temperature, net snow accumulation) to be developed for this area (see 

Zdanowicz et al., 2014, for a summary). Based on these records, it has been proposed that snow 

accumulation on the glaciers of the central St. Elias icefields is modulated, on interannual to decadal 

time scales, by changes in recognized modes of large-scale atmospheric circulation (Kelsey et al., 

2012). However, this interpretation remains untested against direct data on snowfall in the St. Elias 

Mountains that can be compared and linked with actual synoptic situations.  

Starting in 2000, several automated weather stations (AWS) were established in the central St. 

Elias Mountains by the Geological Survey of Canada, to collect surface climatological data in support 

of glaciological research (Zdanowicz et al., 2014). These data provide the longest continuous records 

of surface climate observations ever obtained from this area. In this study, AWS records of snow 

accumulation are used to investigate and identify the most common synoptic situations and air 

transport patterns associated with unusually abundant snowfall events in the St. Elias Mountains over 

the period 2003-12. These patterns are then compared with previous ice-core interpretations proposed 

for snowfall in this region (Kelsey et al., 2012) in order to verify of these interpretations are 

strengthened or invalidated. 
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2. Aim  

The main goal of this study is to improve our understanding of the synoptic meteorological conditions 

that are associated with abundant snowfalls in the central St. Elias Mountains. 

 

The specific objectives of this thesis are to investigate the following questions:  

• When do abundant snowfall events occur? 

• Which are the most probable air source regions of extreme snowfall events? 

• Which synoptic conditions are usually associated with intense snowfalls? 

• What are the possible meteorological factors that control snowfall quantity in the mountains? 

• What are the average snowfall and total precipitation gradients across the St. Elias Mountains? 

• Do results from this analysis support the current interpretation of ice core records obtained in 

this region? 

3. Background  

3.1 Presentation of the study region  

The St. Elias Mountains are situated in the southwestern part of the Yukon Territory, adjacent to the 

Alaska (USA) border. The mountains are a part of the western North American Cordillera and feature 

a complex topography with multiple, heavily glaciated mountain ranges, broad plateaus and deep 

valleys. The landscape has undergone extensive exogenous denudation during the Late Cenozoic, 

primarily by glaciations. Presently, the glacier-covered area in the St. Elias Mountains and adjacent 

Wrangell Mountains (USA) is more than 40,000 km2 (Arendt et al., 2009). Within Canada, the St. 

Elias Mountains ecoregion covers 24,000 km2, 19,000 km2 of which are located within the Yukon 

Territory. About half of the ecoregion’s total land area is covered by ice, while the surficial cover of 

the remaining half consists of rocky uplands, alpine tundra and boreal coniferous forest (Smith et al., 

2004; Barrand & Sharp, 2010). The mean elevation of the landscape in this region is just over 1900 m 

asl, with high points ranging between approximately 600 and 5400 m asl.  

The St. Elias Mountains ecoregion is subdivided into three physiographic regions; the Duke 

Depression, Kluane Ranges and Icefield Ranges. The latter two regions provide the setting of the 

present study. They are characterized by extreme relief and extensive valley glaciers with ice 

thicknesses of up to 450 m (Smith et al., 2004). One of the largest is the 70 km long Kaskawulsh 

glacier, which flows in a northeastern direction towards Kluane Lake. The glacier is fed by ice flowing 

from the Kluane Icefields. The accumulation area of the Kaskawulsh glacier culminates at ~2800 m 
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asl near Mount Queen Mary, at the glaciological divide with the Seaward-Hubbard glacier system that 

flows towards the Gulf of Alaska (Fig. 1).  

The climate over most of the Yukon Territory is classified as being of subarctic continental 

type, but the climate in the St. Elias Mountains ecozone is more complex. This is due to the high 

mountains that form an imposing orographic barrier separating the coastal moist climate of Alaska 

from the drier interior climate of the southwestern Yukon (Smith et al., 2004). As a result, the St. Elias 

Mountains receive abundant precipitation, most of which falls as snow at high elevations (> 1500 m 

asl) all year round. The southeastern part of the mountains receives the heaviest precipitation (in the 

order of 1000 mm a-1), as moist air advected from the Gulf of Alaska feeds orographic precipitation 

along the southern and southwestern mountain slopes. Most of this precipitation falls during the cold 

season (Sept. to April). In contrast, the drier, northern and eastern sectors of the mountains only 

receive 300-400 mm a-1. As most precipitation in the St. Elias Mountains falls as snow, this sustains 

the existence of the vast intermontane icefields which spread into glacier tongues in the lower-laying 

valleys (Smith et al., 2004).  

 

 
Figure 1. Map over the study site in the St. Elias Mountains, Yukon Territory, Canada (Google Earth, IBACO, 
Landsat, 2014). The red dot indicates the location of Divide AWS station, the blue dot indicates the Eclipse ice 
core site, and the yellow dots show locations for permanent weather stations at Burwash (Yukon, Canada) and 
Yakutat (Alaska, USA) from which historical data has been retrieved. Distance between Divide and Yakutat is 
134 km, and 85 km between Divide and Burwash.  

 

 

  Alaska   Yukon 
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Most intense precipitation events in the St. Elias Mountains are associated with storms that 

originate from the Gulf of Alaska or adjacent regions of the northeast Pacific Ocean, as will be 

discussed further in this thesis. Surface winds within the mountains can vary from low and moderate 

(~2-6 m s-1) in mid-summer, to strong (> 10 m s-1) during late autumn and winter (Baltrenas, 2014). 

The most extreme winds occur during the coldest months of January and February, when storm gusts 

are funneled through mountain valleys (Smith et al., 2004). On a regional scale, temperatures fluctuate 

with season, location, and altitude. At elevations < 1500 m, temperatures vary from 6 to 10 °C in June, 

and between -12 and -20 °C in December. The interior slopes of the eastern and northern portions of 

the mountains tend to experience colder winters and warmer summers than do the coastal slopes of the 

southeastern sector. During the warm months of June and July, air temperatures decrease by ~0.7 °C 

by every 100 m increase in elevation (Baltrenas, 2014).  However, this gradient can be reversed during 

the winter at elevations below 1500 m asl due to cold Arctic air intrusions and strong surface radiative 

cooling. These temperature inversion events typically occur in the northern and eastern parts of the St. 

Elias Mountains, where valley temperatures can get as cold as -30 to -60 °C. The coldest mean annual 

temperatures are those experienced at the highest elevations (> 5000 m), which vary between -20 °C in 

June and -30 °C in December (Smith et al., 2004; Baltrenas, 2014).  

Apart from seasonal and topographic variations, air temperature and precipitation patterns in 

the St. Elias Mountains are affected by synoptic-scale climate fluctuations on time scales of decades or 

less. Large-scale patterns of climate variability that are known to impact the climate of this region are 

interannual shifts in the position of the polar jet stream, the Pacific Decadal Oscillation (PDO), the 

PNA, and the El Niño-Southern Oscillation (ENSO). The polar jet stream separates the cold polar air 

from warmer air masses originating from the North Pacific, and its mean position is partly determined 

by the atmospheric pressure field over the North Atlantic Ocean. The PNA and PDO both describe 

dominant patterns of low-frequency (sub-decadal to decadal) variability seen in the winter atmospheric 

pressure field (and associated winds) of the Northern Hemisphere, and which have particular relevance 

to the climate of western North America (Wallace and Gutzler, 1981; Mantua et al., 1997).  

Over the northeast Pacific sector, the Pacific North American (PNA pattern) is manifest as an 

oscillation between two opposing negative/positive anomalies in the 700 mb geopotential height field 

located south of the Aleutian Island Arc (~40-50°N, 150-170°W) and near the US-northwest Canada 

border (~50°N, 105-125°W), respectively (Barnston and Livezey 1989). Changes in the relative 

position and/or strength of these anomalies therefore strongly impact the westerly air flow pattern 

from the northeast Pacific over northwestern Canada and Alaska. The PDO was first described by 

fisheries scientists as a ''recurring pattern of ocean–atmosphere climate variability centered over the 

mid-latitude North Pacific'' (Mantua et al., 1997). It exerts a strong influence on wintertime air 

temperatures over northwestern North America as whole, and on winter precipitation in the Gulf of 

Alaska region in particular. The prevailing phase of the PDO affects the strength of the persistent 

wintertime low-pressure system situated over or near the Aleutian Islands (the so-called Aleutian Low, 



 5 

or AL), which in turn affects air temperatures and storminess in Alaska and the southern Yukon 

(Arendt et al., 2009). The intensity (depth) of the AL varies on monthly to decadal scales, and is 

typically at its deepest during the cold season (Rodionov et al., 2007). The PNA is linked to the PDO, 

and affects large-scale (Rossby) wave patterns in the Northern Hemisphere extra-tropics (Kelsey et al., 

2012). Finally, ENSO phases oscillate every 2-8 years, and affect both the atmospheric and oceanic 

circulation of the Pacific Ocean, primarily near the equator, but with climatic repercussions at the 

global climate scale.  

3.2 Recent observations  

Air temperatures in northwestern Canada have shown an increase of ~2.0 °C in wintertime and ~1.0 

°C in summertime over the period 1950-2002 (Arendt et al., 2009). Most probably in response to this 

warming, glaciers in the Yukon Territory (St. Elias and Mackenzie Mountains) are presently 

experiencing high melting rates. The mass losses have mainly occurred during the summer months. It 

is estimated that Yukon glaciers lost 22 % of their surface area between 1957 and 2007, which 

corresponds to a volume loss rate of ~0.8 ± 0.3 m a-1 in water equivalent (Barrand & Sharp, 2010). A 

comparable glacial mass loss rate was determined for the St. Elias Mountains alone, corresponding to 

a value of 0.7 ± 0.4 m a-1 in water equivalent for the period 1950-2002 (Arendt et al., 2009). In fact, 

Alaskan and Yukon glaciers, together with Patagonian glaciers, are presently experiencing the fastest 

rates of regional thinning worldwide (Barrand & Sharp, 2010). In the Yukon, the vast Kaskawulsh 

glacier has been retreating since at least 1836, but the retreat rate increased during the period 1977-

2007 when the glacier lost about 1.5 % of its surface area. This change in surface area corresponds to a 

volume loss of 3.3-5.9 km3 in water equivalent (Foy et al., 2011). The rate of ice loss increased to -0.5 

km3 a-1 (water equivalent) in 1995, and remained fairly constant until 2007. Most thinning has 

occurred in the glacier’s ablation zone, whereas the accumulation zone instead shows no change or a 

slight thickening. This could indicate an increase in snowfall in the accumulation area of the glacier, 

but unambiguous supporting evidence for such an increase is presently lacking (Foy et al., 2011). 

Arendt et al. (2009) reported intensifications in winter precipitation rates over southern Alaska and 

Yukon regions since 1950. However a more recent assessment of temperature and precipitation trend 

studies for the whole of Alaska suggests that trends detected in this southern region may be suspect 

owing to temporal heterogeneities in the climate station data used (McAfee et al., 2013).  

Several global climate models predict that by the end of this century, the AL will intensify and 

mean annual temperatures of the southwest Yukon will continue to rise by 3.0-3.5 °C (Solomon et al., 

2007; cited in Foy et al., 2011). These changes could translate to an increase of the mean annual 

precipitation rate of up to 20 % for this region, which could partially offset regional rates of glacial 

downwasting driven by summer warmth. However, as knowledge of trends in precipitation over the 

St. Elias Mountains, and of its synoptic controls, is currently very limited, it remains uncertain how 

these might change in the future. 
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4. Methodology  

4.1 Approach and strategy  

The main goal of this study is to improve our understanding of the synoptic meteorological conditions 

that are associated with abundant snowfalls in the central St. Elias Mountains, because these events 

have the largest impact on the winter mass balance of glaciers there. This will be done by (1) using an 

instrumental record of snow accumulation from the St. Elias Mountains to identify unusually large 

snowfall events and their seasonal timing; (2) computing back-trajectories with an air transport model 

to identify the dominant types of atmospheric transport paths associated with these events; (3) 

verifying modeled wind speed winds and directions against recorded surface winds during the 

snowfall episodes; and (4) examining maps of sea-level pressure (SLP), upper-level winds and 

geopotential heights obtained from climate reanalysis datasets to identify the larger-scale atmospheric 

circulation patterns associated with each main type or air trajectory. In addition, gradients of snowfall 

and total precipitation across the St. Elias Mountains during large snowfall events will be estimated, 

and the possible control exerted by selected meteorological factors (e.g., pressure anomalies and 

gradients) on net snow accumulation in the mountains will be investigated. The present study builds in 

part on previous investigations by St-Jean (2008, unpublished) and Baltrenas (2014). The approach 

outlined above has been used in studies of snow accumulation in Antarctica and Europe (Sinclair et 

al., 2010; Bednorz, 2013). 

4.2 Presentation of datasets  

4.2.1 Divide snow accumulation data (AWS)  

Snow accumulation and other climatological data were obtained from an automated weather station 

(AWS) established at a site called Divide (60o 42.44'N, 139o 45.491'W, 2839 m asl) situated on an 

icefield in the central part of the St. Elias Mountains (Fig. 1). This station was established by the 

Geological Survey of Canada in 2003 and has been continuously recording meteorological variables 

ever since (Baltrenas, 2014). In particular, relative snow surface height changes were recorded twice 

daily with an SR50 sonic ranger (Campbell Scientific Instruments Canada, Edmonton, Alberta), which 

uses ultrasonic pulses to measure the distance between the sensor and the snow surface. The difference 

between two subsequent readings gives the net change in snow surface height (due to snowfall, wind 

redistribution and/or snow melt) over a 12-hour period. Large snowfall events can be easily detected 

by abrupt positive offsets in the data series (Fig. 2). When adjusted for snow density, these offsets 

provide an estimate of the net snow accumulation in water equivalent. For the present study, a series 
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of 47 unusually large snowfall events were selected over the period 2003-12. The strategy for 

identifying these events is described in greater details in the next chapter.  

Limitations with this method are (1) inaccuracies in the SR50 soundings, (2) spatial variability 

of snow accumulation, and (3) underestimation of snowfall events during the summer melting period. 

The accuracy of individual soundings by the SR50 sensor is reported to be of ±1 cm, or 0.4 % of the 

distance to target, whichever is greatest (Campbell Scientific instrument specifications). The largest 

distance to target (= height of the sounder above the snow surface) during the study period was ~7.2 m 

in June 2003, which would translate to a possible surface height estimation error of ~±3 cm at that 

time. Subsequently, the height of the sensor above snow was lower, and so would the estimated error 

be. The mast that supported the SR50 sounder at the Divide site was set up in the middle of a large, 

flat area covering at least several hundred m2 in the accumulation zone of the Kaskawulsh glacier. 

Given the flat topography, the effect of snow redistribution by wind should be limited at the AWS site, 

but the spatial variability of snow accumulation during individual events was never actually measured. 

The spatial variability over a broader area (scale of km2 to 10 km2) is likely to be comparatively large 

across the mountain range, owing to local topographic and orographic controls on accumulation by 

wind and precipitation. However this study is primarily concerned with the mean synoptic conditions 

that accompany the largest snowfall events recorded, not by variations between such events. The 

working assumption is that the largest snowfall events recorded at Divide during the period 2003-12 

were also the largest over the whole central part of the St. Elias Mountains, regardless of the actual 

accumulation recorded, and this assumption is probably valid. The true amount of solid precipitation 

during any event is likely to be underestimated by the SR50 since it records changes in the net snow 

surface height due to the combined effects of snowfall and wind drifting. During the ablation period 

(~May-Aug.), the snow surface subsides due to melting and compaction. When the rate of subsidence 

is large, it can partially or totally ''mask'' changes in the snow surface height due to snowfall events. 

The data recorded by the SR50 therefore represent the net snow accumulation during snowfall events, 

which is abbreviated as acc. hereafter.  

The SR50 snow height sounder was located in proximity to a separate instrument array set on 

a nunatak at the Divide site. Several parameters were measured by these instruments since 2003, but in 

this study only the daily recordings of mean surface wind speed and direction were used. These were 

obtained with an RM Young 05103 four-blade anemometer that measures wind speed with an AC 

sinewave signal, while wind direction is determined from the horizontal angle of rotation of the 

anemometer, sensed by a precision potentiometer, and converted to azimuth (0-360º).  
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Figure 2. Time series of relative snow surface height changes at the Divide site, central St. Elias Mountains, 
measured with a Campbell Scientific SR50 sonic ranger between the summers of 2003 and 2012. Gaps in the 
time series correspond to periods of instrument failures. A period in 2003-04 is enlarged (inset) to show how 
single large snowfall events can be identified in the data (arrows). Figure provided by C. Zdanowicz. 

 

4.2.2 Historical meteorological data from the Yukon and Alaska  

To examine precipitation gradients associated with the large snowfall events identified in the SR50 

data series, archived instrumental meteorological records were obtained from permanent US and 

Canadian weather monitoring stations at Yakutat, coastal Alaska, and at Burwash Landing, in the 

foreland of the St. Elias Mountains in the Yukon continental interior (Fig. 1). The Yakutat station 

(59o512N, 139o6712W) is at an altitude of 10 m asl. In contrast, the Burwash Landing station (61o37N, 

139o05W) lies on the Yukon plateau at an elevation of 806 m asl. Because of the orographic 

precipitation shadow effect of the St. Elias Mountains, the climate at Burwash Landing is very dry 

when compared to the humid coastal climate at Yakutat. The Divide AWS site is located between 

these two stations, 134 km for Yakutat, and 85 km for Burwash Landing. The climatological data 

retrieved from Yakutat and Burwash Landing include daily measurements of total precipitation and/or 

total snowfall over the period 2003-2012. The Yakutat dataset was accessed through the US National 

Climatic Data Center, and the Burwash Landing dataset was obtained from Environment Canada.  

4.3 Air trajectory calculations 

In order to reconstruct the transport trajectories of precipitating air associated with extreme snowfall 

events in the AWS SR50 data series, the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated 

Trajectory) modeling system developed by the US National Oceanographic and Atmospheric 

Administration's Earth System Research Laboratory (NOAA-ESRL) was used. The next sections 

briefly describe how the HYSPLIT model operates, and how it was used in this study.   
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4.3.1 Overview of the HYSPLIT model (version 4) 

The HYSPLIT modeling system is designed for computing air back-trajectories from gridded 

meteorological data fields, but can also be used to simulate the atmospheric dispersion and deposition 

of air pollutants (Draxler & Hess, 1998, 2014; Draxler & Rolph 2014). The meteorological data used 

are gridded on conformal map projections, and calculations of the motion of air parcels are performed 

in successive time steps from these data (Stohl, 1998). Trajectories can be computed sequentially on 

multiple meteorological grids and at different spatial resolutions. Reconstructed (archive) or forecasted 

(forward) air trajectories can then be plotted on maps.  

In air transport models, airflow can be viewed from either the Eulerian or the Lagrangian 

perspective, and the HYSPLIT model is a hybrid of the two (Draxler & Hess, 1998). In Eulerian 

models, airflow is simulated continuously from grid point to grid point, and the spatial resolution of 

the model is determined by the (3D) spatial scale of the grid (Stohl, 1998; Draxler & Hess, 1998). In 

contrast, Lagrangian models calculate the flow of air parcels in and out of individual grid cells. In the 

case of air pollutants, for example, the flow is determined by differences between cell concentrations 

(Stohl, 1998; Draxler & Hess, 1998). Even though the HYSPLIT model has developed and improved 

considerably since its introduction in 1982, the identification of air parcel origins is still associated 

with positioning errors of up to 20 % of the total travel distance (Stohl, 1998). The model is also 

sensitive to errors arising from interpolation during the reanalysis of low-resolution meteorological 

data fields, as coarse resolution makes it difficult to identify minor changes within the estimated wind 

field (Kahl & Samson, 1986; Bowman et al., 2013). Further uncertainties can arise from errors in the 

meteorological observations, air starting (ending) position, etc. (Stohl, 1998; Bowman et al., 2013).  

4.3.2 How the HYSPLIT model was used in this study  

In this study, the HYSPLIT model was used to calculate and visualize the flow path of air associated 

with extreme snow accumulation events in the central St. Elias Mountains that were identified in the 

SR50 record from Divide. This method has been used in similar studies to determine the pathways of 

heavy precipitation and snow delivery (e.g., Bednorz, 2013; Sinclair et al., 2010). In the northeast 

Pacific regions, Mesquita et al. (2009) defined three main sectors where large cyclones originate: 

These are the Bering Sea (50°-70°N; 160°E-160°W), Gulf of Alaska (50°-60°N; 160°-120°W), and the 

Alaska interior/Yukon (60°-70°N; 160°-120°W). In the present study, these sectors were further 

subdivided to define a total of six zones from which precipitating air may originate, including the 

Aleutian Arc/Bering Sea (50-70°N; 160°E-160°W), Gulf of Alaska (50-60°N; 130-160°W), Arctic 

Ocean (> 70°N), North Pacific Ocean (< 50°N), Western Canada (continental interior, < 130°W), and 

Alaska (continental interior, 130-165°W) (Fig. 3).  
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Figure 3. Map indicating the possible source regions of air masses from North Pacific (NP), Aleutian 
Arc/Bering Sea (AA/BS), Gulf of Alaska (GA), Arctic Ocean (AO), Western Canada (WC) and Alaska (AK). 

 

The HYSPLIT backward air trajectory calculations were made using the National Centers for 

Environmental Prediction (NCEP) reanalysis meteorological data fields (Kistler et al., 2001), which 

was the only optional gridded archived data source that was sufficiently complete to provide adequate 

meteorological information for the entire period considered (2003-2012). Meteorological data files 

were subsequently chosen for each date corresponding to a recorded extreme snow accumulation 

occurrence at Divide. The back-trajectory start times (end of the 12-hour period in which the snowfall 

was recorded) were corrected by 9 hours to take into account the difference between local time in the 

southern Yukon and the universal time (UTC) used for the meteorological fields in HYSPLIT. 

Vertical air motion was estimated from the model's vertical velocity output. For each extreme snowfall 

event, four trajectories were computed sequentially with an interval of 3 hours between each (to cover 

the 12-hour interval in which the snowfall occurred) and the total run time for individual trajectories 

was set at 72 hours (3 days). Longer trajectories would likely have very large positioning errors in 

their estimated origin (Stohl, 1998). Display and mapping options for the trajectories were set to polar 

conformal map projections, with plot heights shown as pressure levels (mb). A few additional 

trajectories were also computed for selected snowfall events using the NCEP Global Data 

Assimilation System (GDAS) archived meteorological dataset in order to estimate the sensitivity of 

trajectory calculations to the choice of initial meteorological data inputs.  

GA 

AK 

AO 

WC AA/BS 

NP 
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4. 4 Reanalysis maps  

Daily and composite reanalysis maps of SLP and 700 mb winds were plotted to identify the synoptic 

patterns that prevailed during extreme snowfall events in the St. Elias Mountains. These maps were 

plotted using the climate reanalysis online tools from the Climate Change Institute at the University of 

Maine, USA. The maps were created based on gridded datasets from the Global History Climatology 

Network (GHCN2, 2014) of the US NOAA National Climatic Data Center. Additional daily 

composite maps were created to examine SLP anomalies and 500 mb geopotential height for 

representative snowfall events of each main synoptic category. These maps were plotted using online 

software provided by US NOAA-ESRL and datasets from the US National Center for Environmental 

Prediction (NCEP; Kalnay et al., 1996).  

5. Results & Discussion 

5.1 Identification and timing of large snowfall events  

The present study focuses on exceptionally intense snowfall events in the central St. Elias Mountains 

because such events make a disproportionally large contribution to the winter mass balance of glaciers. 

To statistically define what constitutes such snowfall events, the frequency distribution of positive acc. 

data in the Divide SR50 record was examined and found to be approximately log-normal (Fig. 4). By 

far the most frequent acc. events are the ones with the lowest intensity, typically ranging between > 0 

and 5 cm in snow height. The larger the acc., the less frequent are the associated snowfall events. 

Consequently, the SR50 data were first log10-transformed so that they could be more easily separated 

into different frequency categories. A Gaussian curve was then fitted to the histogram of the log10-

transformed data (Fig. 5), and positive changes in acc. were categorized relative to the geometric mean 

(µg) and standard deviation (σg) of the distribution. All log10(acc.) values included in the frequency 

interval from [µg +1σg] to [µg +2σg] were defined as ''high'' snowfalls, whereas log10(acc.) values > [µg 

+2σg] were defined as ''extreme'' snowfall events. The value of µg was established to be 0.26 ± 0.58, 

corresponding to an arithmetic mean accumulation of ~1.8 cm over 12 hours for the most frequent 

snowfall events. The lower acc. limits for high and extreme snowfall events were determined to be 7 

and ~27 cm per 12 hours, respectively. Using these limits, a total of 47 distinct extreme snowfall 

events were identified in the SR50 data series over the period June 2003 to July 2012 (Table 1). The 

number of events that were classified in the ''high'' snowfall category was 274. These two categories 

represent 0.8 and 4.9 % of all identified acc. events, respectively. The data also indicate that high 

snowfall events were most frequent between September and February and represented 6 and 10 % of 

all acc. events during these months, compared to only ~2-5 % between March and August (Fig. 6).    
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In the case of extreme acc. events, 79 % occurred during the cold season months (October to March), 

while 21 % occurred during the warmer season (April to September), which is consistent with 

climatological analyses based on ice-core data (Kelsey et al., 2012). However, some snowfall events 

that occur during the warmer half of the year could be underestimated or missed altogether by the 

SR50 soundings if the daily rate of snow surface settling equals or exceeds the snow accumulation rate 

during such events.  

 

 
Figure 4. Frequency histogram of Divide AWS snow accumulation data in cm. 
 

 
 

Figure 5. (a) Frequency histogram of Divide AWS snow accumulation data as log10-transformed values with a 
Gaussian curve fitted to the data (red line), and (b) the definition of given intervals for log10-transformed data. 
 

 
Figure 6. Plot of the percentage of recorded high and extreme snowfall events that occurred in each month of the 
year at Divide between 2003 and 2012. 

(a) 

(b) 
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Table 1.  Timing and inferred air source regions of extreme  
snow accumulation events recorded at Divide station, 2003-2012. 
 

Date and Time* ACC. (cm) Source region 

12/11/03 2400 31 North Pacific 
02/12/03 1200 34 North Pacific 
22/12/03 1200 72 North Pacific 
29/03/04 1200 32 Aleutian Arc/Bering Sea 
02/04/04 2400 33 North Pacific 
17/08/04 2400 28 Gulf of Alaska 
27/09/04 1200 31 North Pacific 
02/11/04 2400 37 Gulf of Alaska 
11/12/04 2400 52 North Pacific 
22/12/04 2400 49 North Pacific 
28/12/04 2400 33 Western Canada 
07/02/05 2400 30 North Pacific 
23/08/05 2400 30 Aleutian Arc/Bering Sea 
22/11/05 1200 34 North Pacific 
22/11/05 2400 39 North Pacific 
24/11/05 1200 45 North Pacific 
24/11/05 2400 28 North Pacific 
15/12/05 2400 31 North Pacific 
05/02/06 2400 49 North Pacific 
11/02/06 2400 31 North Pacific 
04/06/06 2400 30 Alaska 
26/09/06 1200 48 Gulf of Alaska 
26/09/06 2400 37 North Pacific 
10/10/06 1200 64 North Pacific 
20/10/06 2400 63 North Pacific 
19/12/06 1200 37 North Pacific 
19/12/06 2400 27 Aleutian Arc/Bering Sea 
09/09/07 2400 41 North Pacific 
30/10/07 1200 32 North Pacific 
01/11/07 1200 56 Bering Sea 
13/11/07 2400 64 North Pacific 
07/03/08 1200 30 North Pacific 
10/10/08 1200 49 North Pacific 
16/01/09 2400 32 North Pacific 
17/01/09 2400 39 North Pacific 
18/01/09 2400 46 North Pacific 
28/10/10 2400 40 Gulf of Alaska 
01/11/10 2400 28 North Pacific 
03/11/10 1200 49 North Pacific 
14/02/11 2400 33 Aleutian Arc/Bering Sea 
28/05/11 2400 33 Western Canada 
19/09/11 2400 28 North Pacific 
25/10/11 1200 34 North Pacific 
31/10/11 2400 33 North Pacific 
22/12/11 1200 42 North Pacific 
01/02/12 1200 27 North Pacific 
02/02/12 2400 51 North Pacific 

*Dates given as dd/mm/yy. Times are GMT-9. 
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5.2 Air source regions of extreme snowfall events  

Fig. 7a displays the 188 separate 72-hour air back-trajectories that were computed for the 47 extreme 

snowfall events recorded at the Divide AWS (4 trajectories per event). The vast majority (94 %) of 

these trajectories is observed to have a source in the northeast Pacific Ocean, while only 6 % have a 

continental source. Fig. 7b-f shows transport paths of precipitating air divided by source region. If 

consecutive trajectories for the same snowfall event (with a 12-hour period) originated from two 

adjacent regions (e.g., North Pacific and Gulf of Alaska), the event was assigned to the sector from 

which most of the trajectories originated. This analysis shows that 74 % of all extreme snowfall events 

had their source in the North Pacific at latitudes south of 50°N (Fig. 7b). The trajectories show that 

both relatively zonal (east-west) and meridional airflows (south-north) occurred. However, trajectories 

with a pronounced meridional cyclonic advection pattern tended to dominate. Precipitating air that 

originated from more northern marine source regions in the Aleutian Arc/Bering Sea sector or in the 

Gulf of Alaska, represented comparatively small percentages, 11 and 9 % respectively, of the total 

(Fig. 7c-d). These latter sectors are situated north of 50°N, and trajectories that originated there 

accordingly had flow patterns with an important zonal advection component. Trajectories originating 

from inland source regions over western Canada and Alaska only represented 4 and 2 % of all extreme 

snowfalls, respectively (Fig. 7e-f). None of the reconstructed trajectories associated with extreme 

snowfall events at Divide originated from the Arctic Ocean (north of 70°N), at least not within the 72-

hour time frame of the HYSPLIT model computations.  

To investigate the sensitivity of HYSPLIT trajectories to the initial choice of meteorological 

data fields, three discrete 72-hour back-trajectories, separated by 4 hours, but associated with the same 

snowfall event (25 Oct. 2011), were computed using the NCEP reanalysis and GDAS meteorological 

datasets, and the results were then compared (Fig. 8). Overall, the resulting trajectories show the same 

broad sector of origin (the northeastern Pacific south of 50°N), similar tracks and curvatures, but are 

shifted in space relative to each other. In one case, the point of origin of a trajectory computed with the 

GDAS meteorological fields was situated in the Gulf of Alaska (Fig. 8a), while the same trajectory 

computed with the NCEP reanalysis data located it at a lower latitude in the North Pacific (Fig. 8b). It 

is therefore warranted to observe caution in interpreting the results of such trajectory analyses, as there 

is a risk of exaggerating the significance of small percentage differences in air source regions.  
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Figure 7. 72-hour back-trajectories demonstrating the transport paths of precipitating air for (a) all 47 extreme 
snow accumulation events (188 trajectories in total), and divided by source region: (b) North Pacific, (c) 
Aleutian Arc/Bering Sea, (d) Gulf of Alaska, (e) Western Canada, and (f) Alaska. 
 

      
Figure 8. HYSPLIT maps displaying differences in archived air back trajectories computed for the same 
snowfall event on 25 Oct., 2011, using (a) GDAS and (b) NCEP reanalysis meteorological data fields (NOAA 
Air Resources Laboratory, 2014). 

(a) All trajectories (b) North Pacific 

(c) Aleutian Arc/Bering Sea (d) Gulf of Alaska 

(f) Alaska (e) Western Canada 

(a) (b) 
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5.3 Synoptic conditions associated with heavy snowfalls  

The synoptic meteorological conditions associated with extreme snowfall events at the Divide site 

were investigated first using composite maps of SLP patterns and upper-level (700 mb) winds 

corresponding to the different main geographic source regions for these events (Fig. 9). The composite 

synoptic maps are based on NCEP reanalysis data fields, and computed using NOAA-ESRL's online 

software. The 700 mb level for the wind field was chosen as it corresponds approximately to an 

altitude of 3000 m, above the mean planetary boundary layer yet reasonably close to the altitude of the 

Divide site (2839 m asl).  

The composite maps indicate broadly similar SLP patterns for extreme snowfall events with 

air trajectories from the North Pacific Ocean south of 50°N, the Aleutian Arc/Bering Sea sector, or 

from the Gulf of Alaska (Fig. 9a-c). These situations are all associated with a deep depression centered 

on coastal southern Alaska, near or over the Kenai Peninsula. Differences in the sources of air between 

these situations are linked to the depth of the depression (varying by a few mb around an approximate 

mean of 995 mb), to its spatial extent, and the SLP gradients that result. In all three situations depicted 

in Fig. 9a-c, extreme snowfalls were also associated with strong (≥ 12 m s-1) southerly winds blowing 

against the coast of southeast Alaska and the St-Elias Mountains, particularly when the trajectories 

tracked from far south over the northeast Pacific. This pattern is consistent with wind readings 

obtained from the RM Young 05103 anemometer at the Divide site during corresponding snowfall 

periods, which indicate predominant southerly winds (Fig. 10). The recordings also indicate that winds 

speeds > 10 m s-1 were frequent during snowfall periods. In the comparatively rare situations when 

extreme snowfall events at Divide were associated with air flow from the continental regions of 

Western Canada or the interior of Alaska, the composite synoptic patterns differ markedly from those 

observed for marine source regions (Fig. 9d-e). When snow comes from Western Canada, the 

northeast Pacific depression is displaced over the coast of British Columbia, such that continental air is 

advected westwards in the cyclonic counter-flow at higher latitudes. In addition, a high-pressure cell 

(≥ 102 mb) is situated over northern Alaska, as also occurs when extreme snowfall at Divide are 

associated with air flow from this region. However, there were too few precipitation events originating 

from Western Canada or Alaska recorded at Divide over the period 2003-2012 to obtain reliable 

estimates of the mean surface wind patterns associated with such events.  

To highlight more clearly differences between the most common types of synoptic situations 

associated with extreme snowfall events at Divide, daily reanalysis maps of mean SLP and surface (10 

m level) winds were plotted for three specific, representative snowfall events which were recorded on 

Nov. 13 and Dec. 22, 2003, and on Oct. 10, 2008, respectively (Fig. 11). These maps were produced 

from NCEP reanalysis meteorological data fields, and plotted using the Climate Reanalyzer online tool 

developed by the Climate Change Institute at University of Maine, USA.  
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Figure 9. Composite maps of mean sea-level pressure (left column) and 700 mb vector wind (right column) for 
the source regions (a) North Pacific, (b) Aleutian Arc/Bering Sea, (c) Gulf of Alaska, (d) Western Canada, and 
(e) Alaska. Images provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web 
site at http://www.esrl.noaa.gov/psd/.  
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Figure 10. Wind rose charts from the Divide AWS indicating wind direction and speed (m s-1) for extreme 
snowfall events associated with air from (a) the North Pacific, (b) the Aleutian Arc/Bering Sea, and (c) the Gulf 
of Alaska. 

  

(b) 

(c) 

 (m s-1) 
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The three most typical synoptic situations observed during intense snowfalls between 2003 

and 2012 were characterized by (a) a split low-pressure area with two centers located over the Gulf of 

Alaska and the Aleutian Islands, respectively (Fig. 11a; Nov. 13, 2003); (b) a single, vast, and 

elongated low-pressure area that stretched across a wide swath of the subarctic North Pacific region, 

from far-eastern Siberia and Kamchatka to the western Yukon (Fig. 11b; Dec. 22, 2003); and (c) a 

single and much less extensive low pressure area centered over western Alaska and the Aleutian 

Islands (Fig. 11c; Oct. 10, 2008). The composite maps also show that situations (b) and (c) tended to 

produce much stronger southerly to southwesterly winds (> 15 m s-1) across the Gulf of Alaska than 

situation (a) during which surface winds were more zonal, blowing from the west at more moderate 

speeds (< 10 m s-1). Extreme snowfall events at the Divide site in the St. Elias Mountains therefore 

appear to be commonly (but not always) accompanied by strong southerly to southwesterly winds 

against the coast of southeastern Alaska, particularly between Oct. and Dec. 

Some of the composite maps of SLP and winds associated with the recorded extreme snowfall 

events in the St. Elias Mountains are near-analogues for the different possible states of the AL in the 

subarctic North Pacific, as classified by Rodionov et al. (2004; hereafter simply: Rodionov). These 

states differ by the number (single, double) and geographical position(s) of the low-pressure area(s), 

and/or the overall spatial configuration (e.g., elongated or not) of the AL. Situation (c) described 

above, when a single, but spatially limited low-pressure area is manifest over western Alaska, can be 

compared to Rodionov's pattern C2, when the AL is defined by a single low-pressure area, typically 

centered east of 156°W. In this study, five extreme snowfall events (14 % of all such events) in the St. 

Elias Mountains were associated with this situation, a representative example of which is shown on 

Fig. 11c. A second situation, described as (a) above, occurs when extreme snowfall events are 

associated with a divided low-pressure system with two distinct centers. On the example case depicted 

on Fig. 11a, the eastern center is located over the westernmost part of Aleutian Islands, and the 

western center over southeastern Alaska and northwestern Canada. This situation is analogous to 

Rodionov's pattern W2 when the AL is divided in two centers, the easternmost of which is east of 

140°W. In the present study, 36 % of all extreme snowfall events recorded at Divide (13 events) 

occurred in such a situation. The third situation associated with extreme snowfall events, described as 

(b) above, is characterized by a large, elongated low-pressure area, as can be seen on the example on 

Fig. 11b. There is no exact analogue for this situation in the AL patterns identified by Rodionov, and 

the observed configuration exemplified by Fig. 11b can be described as a hybrid pattern between 

Rodionov's W1 and C1. In such a situation, the AL would be longitudinally stretched between the 

outer or central Aleutian Islands, and the Gulf of Alaska. This is, in fact, the most frequent synoptic 

situation associated with extreme snowfall events at Divide, representing 50 % of recorded events (18 

cases) between 2003 and 2012.  
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Figure 11. Daily reanalysis maps of sea-level pressure (left column) and surface wind (right column) of three 
typical synoptic situations with (a) a split low-pressure center (Nov. 13, 2003), (b) an elongated low-pressure 
center over the Aleutian Islands (Dec. 22, 2003), and (c) a single low-pressure center (Oct. 10, 2008). Maps were 
generated using the Climate Reanalyzer online tool (http://cci-reanalyzer.org), Climate Change Institute, 
University of Maine, USA. 

(a) 

(c) 

(b) 
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5.4 Possible synoptic controls on snowfall in the St. Elias Mountains  

As the simple analysis presented above suggest, the geographic position, spatial extent and/or intensity 

of low-pressure area(s) in the subarctic North Pacific exert important controls on the amount of 

snowfall in the central St. Elias Mountains. To investigate these controls, the estimated precipitation 

amounts recorded at the Divide site during extreme snowfall events were compared with the position 

(latitude, longitude) of the nearest low-pressure center (or the easternmost one, in a split-cell situation) 

observed in the subarctic North Pacific during these events. For this exercise, the values of acc. 

recorded by the SR50 sensor at the Divide AWS were converted into snow water equivalents (SWE, in 

mm) by assuming a mean fresh snowfall density of 70 ± 10 kg m-3, after Judson & Doesken (2000). 

This implies that an extreme snow accumulation event at the Divide site (> 27 cm snow) typically 

corresponds to precipitation amounts of about 200-500 mm SWE over a 12-hour period. As Fig. 12 

shows, the central geographical position of northeast Pacific low-pressure centers during extreme 

snowfall events recorded between 2003 and 2012 varied between 46 and 63°N, and between 133 and 

169°W, with a mean position at 57°N and 151°W. However, neither latitude nor longitude correlate 

strongly with SWE at Divide, and the coefficients of determination (R2) for the regression analyses are 

both very low, accounting for only a very minor (< 3 %) fraction of the variance in the SWE data.  

 

 

 

Figure 12. Scatter plot and linear regression of snowfall SWE acc. recorded at Divide (2003-2012) against the 
(a) latitude and (b) longitude of the geographic center of associated depressions in the northeast Pacific region.  
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The SWE acc. values recorded at Divide during extreme snowfall events were also regressed 

against negative SLP anomalies for the low-pressure center closest to this site during such events. 

These anomalies were estimated from daily composite maps of SLP produced from NCEP reanalysis 

data and plotted using NOAA-ESRL's online software. An example is shown in Fig. 13 for Oct. 10, 

2008, which displays a negative anomaly of 27.5 mb in the center if the depression. Over the period 

2003-2012, SLP anomalies associated with extreme snowfalls at Divide varied between 6 and 45 mb, 

with a mean value of 22.5 mb. However, the regression analysis shows no correlation between the 

SLP anomalies and the associated SWE acc. amounts (Fig. 14).  

Using the same SLP anomaly maps, maximum SLP gradients were estimated for all the 

extreme snowfall situations in which a dipole of positive/negative SLP anomalies occurred to either 

side of the central St. Elias Mountains, for e.g., when a negative SLP anomaly was situated over the 

Aleutian Islands with a corresponding positive SLP anomaly over eastern British Columbia. In such 

situations, the SLP gradient determines how strong are the winds that transport moist air towards the 

coast of Alaska and the St. Elias Mountains. The larger the SLP gradient, the stronger the winds, 

which could result in heavier orographically-forced precipitation over the mountains. The pressure 

gradients were estimated from the difference in the absolute maximum SLP values over low and high 

pressure centers (in mb), divided by the straight-line horizontal distance between the geographic center 

of these anomalies (in km). For example on Oct. 10, 2008 (Fig. 13), the maximum SLP difference 

between low and high pressure centers was 45.5 mb over a distance of ~3880 km, corresponding to a 

mean surface pressure gradient of ~0.01 mb km-1 between these anomalies. Situations where a SLP 

dipole was not clearly identifiable, or when one of the SLP anomaly was situated directly over the St. 

Elias Mountains, were excluded from this analysis. These situations accounted for 35 % of all extreme 

snowfall events recorded between 2003-2012. Fig. 15 shows that for the dipole SLP anomaly 

situations, estimated surface pressure gradients varied between 22.5 and 55 mb, with a mean value of 

37.4 mb. However, regression analysis of SWE acc. for snowfall events against the estimated pressure 

gradients during these events failed to show any clear correlation.  

Altogether, these analyses indicate that a complex and variable combination of meteorological 

conditions must determine the variability of extreme snowfall amounts in the St. Elias Mountains. To 

decipher the exact nature of the combined factors that control snowfall amounts, a more advanced 

analysis is required than is possible within the scope of this thesis. Such an analysis should also 

include factors such as sea-surface temperatures and relative humidity in the potential oceanic 

moisture source regions.  
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Figure 13. Daily composite map of sea-level pressure anomalies for the snowfall event of Oct. 10, 2008. The 
center of the depression corresponds to a negative pressure anomaly of 27.5 mb. Image provided by the 
NOAA/ESRL Physical Sciences Division, Boulder Colorado (http://www.esrl.noaa.gov/psd/). 

 

Figure 14. Scatter plot and linear regression of snowfall SWE acc. recorded at Divide (2003-2012) against sea-
level pressure anomalies (absolute values) for associated depressions in the northeast Pacific region.  

 

Figure 15. Scatter plot and linear regression of snowfall SWE acc. recorded at Divide (2003-2012) against sea-
level pressure difference for associated depressions in the northeast Pacific region. 
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5.5 Precipitation and snowfall gradients in the St. Elias Mountains 

The acc. measurements made by the SR50 sensor at the Divide site during intense snowfall events 

make it possible to estimate precipitation gradients across the St. Elias Mountains associated with the 

different synoptic types of events. To do this, the recorded acc. and inferred precipitation (SWE) for 

extreme snowfall events were compared with daily readings of both snowfall and total precipitation 

(SWE) recorded during corresponding periods at the permanent weather stations of Yakutat (coastal 

Alaska) and Burwash Landing (Yukon; Fig. 16). Two precipitation gradients were calculated, one for 

the oceanic (southwestern) side of the St. Elias Mountains (Yakutat to Divide), the other for the 

continental (northeastern) side of the mountains (Burwash Landing to Divide). The gradients are 

reported as absolute values, irrespective of the direction of movement of air at the time of the snowfall 

events, but as discussed earlier, the air flow originated from the North Pacific side of the mountains in 

the vast majority of recorded cases.  

Fig. 16 indicates that both snowfall and total precipitation gradients were systematically 

steeper, by up to 30 %, on the continental compared to the oceanic side of the St. Elias Mountains, in 

situations when precipitating air originated from the North Pacific, Aleutian Arc/Bering Sea and Gulf 

of Alaska. On the continental side, the estimated median snowfall and precipitation gradients varied 

between 2.7 and 3.2 mm km-1 SWE, while on the oceanic side the median values varied from 1.5 to 

1.8 mm km-1 SWE (Table 2). Comparable values were estimated from the mean snowfall and 

precipitation gradients which varied between 3.1 and 3.4 mm km-1 SWE on the continental side, and 

1.7 and 2.0 mm km-1 SWE on the oceanic side of the mountain range. These gradients clearly reflect 

the orographic effect of the St. Elias Mountains, which creates a marked contrast between humid 

coastal and drier continental climate regimes on either side of the range, with most of the moisture 

originating from the Pacific Ocean being precipitated on the southwestern-facing slopes. In the rare 

cases when precipitating air originated from the continental side of the range, i.e. from Western 

Canada, the median snowfall and total precipitation gradients varied between 2.5 and 2.7 mm km-1 

SWE on the northwestern side of the St. Elias Mountains. Remarkably, these gradients are similar to 

those estimated for situations associated with marine source air mass source regions. 

 
Table 2. Estimated total precipitation and snowfall gradients on the oceanic side (Yakutat to Divide) and 
continental side (Burwash Landing to Divide) of the St. Elias Mountains for air masses originating from the 
source regions North Pacific, Aleutian Arc/Bering Sea and Gulf of Alaska. 
 
  Oceanic side Continental side 
Gradient* Value NP AA/BS GA NP AA/BA GA 

Precipitation  Median 1.5 1.7 1.6 2.9 2.7 3.2 

 
Mean 1.8 ± 0.7 1.7 ± 0.6 1.6 ± 0.1 3.4 ± 1.0 3.1 ± 1.0 3.1 ± 0.7 

Snowfall  Median 1.8 1.6 1.8 2.8 2.7 3.0 

 

Mean  2.0 ± 0.7 1.9 ± 0.7 1.9 ± 0.5 3.3 ± 1.0 3.1 ± 1.0 3.1 ± 0.7 

*Gradients given as mm km-1 SWE. 
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Figure 16. Box-and-whisker plots of total precipitation and snowfall gradients (mm km-1 SWE) on the (a-b) 
oceanic (Yakutat to Divide) and (c-d) continental side (Burwash Landing to Divide) of the St. Elias Mountains 
for air masses originating from the source regions North Pacific, Aleutian Arc/Bering Sea, and Gulf of Alaska. 
The median gradients (red lines) are indicated for each source region, as well as the 25th and 75th percentiles 
(boxes), and the minima and maxima (whiskers).  

(a) 

(b) 

(c) 

(d) 
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5.6 Relevance for ice core records  

Results from the analysis presented in the previous pages can help to support the interpretation of 

proxy records of precipitation developed from ice cores drilled in the icefields of the central St. Elias 

Mountains (Zdanowicz et al., 2014). One such record was developed from multiple cores recovered on 

the Eclipse Icefield (3017 m asl), ~15 km to the NW of Divide (Kelsey et al., 2012; hereafter simply: 

Kelsey et al.). The Eclipse Icefield record spans the years 1958-2001, and it shows that during this 

period, the 5 years with the highest accumulation during the cold seasons (autumn and winter) were 

1962, 1963, 1981, 1988 and 1993. Kelsey et al. found that on average, these seasons were associated 

with a positive 500-mb geopotential height anomaly of 20 to > 30 m over western North America, and 

an accompanying negative anomaly of > -20 m in the central North Pacific. This situation results in an 

enhanced southwesterly meridional airflow towards the Pacific coast of northern British Columbia and 

southeast Alaska, bringing abundant, orographically-forced precipitation to these sectors. Kelsey et al. 

liken this situation with the positive phase of the PNA pattern of atmospheric circulation (Barnston 

and Livezey, 1987), which shows a comparable dipole pressure structure between western North 

America and the AL region. 

To compare the pattern described by Kelsey et al. with that associated with extreme snowfall 

events recorded at Divide, daily composite maps of 500-mb geopotential heights were produced using 

NCEP meteorological data and the NOAA-ESRL online software. Specifically, maps of geopotential 

height anomalies were plotted which correspond to the three most typical synoptic situations 

associated with extreme snowfall events at Divide. As previously stated, these were characterized by; 

(a) a split low-pressure area (example: Nov. 13, 2003), (b) an elongated low-pressure area over the 

Aleutian Islands (Dec. 22, 2003), and (c) a single low-pressure center (Oct. 10, 2008). As Fig. 17 

shows, all three situations were associated with at least two deep negative 500-mb geopotential height 

anomalies (≤ -12.5 m), and at least two, sometimes three, positive anomalies (≥ 10 m). In the 

predominant situation depicted on Fig. 17b, which corresponds to an elongated surface low-pressure 

area over much of the Aleutian Arc and parts of the Gulf of Alaska, a dipole pressure pattern can be 

identified between western North America and a broad region that encompasses much of the area 

associated with the AL. This pattern is remarkably similar with that associated with the positive phase 

of the PNA pattern, which appears to confirm and support the findings of Kelsey et al. (2012) to the 

effect that unusually high snowfall events in the interior of the St. Elias Mountains tend to be 

associated with the positive PNA phase. These results reinforce the view that multi-decadal to 

millennial proxy records of precipitation developed from ice cores recovered in the central St. Elias 

Mountains can be used to reconstruct the long-term variability of Pacific-North American climate 

states.  
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Figure 17. Maps of 500-mb geopotential heights of three typical synoptic situations associated with intense 
snowfall in the central St. Elias Mountains: (a) a split low-pressure center (Nov. 13, 2003), (b) an elongated low-
pressure center over the Aleutian Islands (Dec. 22, 2003), and (c) a single low-pressure center (Oct. 10, 2008). 
Image provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web site at 
http://www.esrl.noaa.gov/psd/.  

(a) 

(c) 

(b) 
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6. Conclusions  

This thesis examined the synoptic weather patterns and air flow trajectories associated with extreme 

snowfall events recorded in the central St. Elias Mountains, in the Yukon Territory of Canada. The 

observations made in this study are based on AWS data collected between 2003 and 2012, which 

provide the longest continuous record of surface meteorological data ever obtained from this remote 

region. A total number of 47 extreme snowfall events (> 27 cm snow accumulation over 12 hours) 

were identified in the AWS record, and 79 % of these occurred during the cold season months (Oct. to 

March), which is consistent with previous climatological analyses. However, some snowfall events 

that occurred during the warm season months could be missed or underestimated due to high rates of 

snow surface settling in summer.  

The 3-day air back-trajectories computed using the HYSPLIT model confirm that within this 

time interval, 94 % of the extreme snow accumulation events were associated with air that flowed 

from the northeast Pacific Ocean, while only 6 % were traced to a continental moisture source. In 74 

% of cases, the air had its source in the North Pacific sector south of 50ºN, which suggests that most of 

the moisture originated at warmer latitudes. Less frequent were situations when air originated from the 

Aleutian Arc/Bering Sea sector or the Gulf of Alaska, which together accounted for 20 % of the total 

number of extreme snowfall events. In a few rare cases, precipitating air parcels were traced to the 

continental sectors of Western Canada and the interior of Alaska. Taking into account the limited 

number of recorded extreme snowfall events (47) and the sensitivity of the HYSPLIT model to the 

choice of meteorological data fields used in trajectory calculations, differences in the relative 

frequency of air mass transport pathways for the less common situations (e.g., from Western Canada) 

may not be significant.   

Examination of composite NCEP reanalysis maps of SLP and upper-level winds during 

extreme snowfall events highlighted the similarities for synoptic weather patterns associated with 

snowfall events traced to the northeastern Pacific Ocean, which represented the vast majority of cases. 

This situation featured a deep and extensive low-pressure area centered over the Kenai Peninsula 

(coastal southern Alaska), which drove strong southerly upper-level winds (≥ 12 m s-1) towards the 

coast and into the St. Elias Mountains. This wind pattern was verified by AWS wind recordings 

measured at the study site. In contrast, in the relatively rare situations where precipitating air was 

traced to a continental source, synoptic conditions showed a high-pressure system over central or 

northern Alaska, and a low-pressure area shifted from the Gulf of Alaska over western Canada. The 

daily reanalysis maps of SLP and surface winds attested that the most typical synoptic conditions 

accompanying heavy snowfall events can be separated into three distinct types; (1) a split low-pressure 

area with one center over the Gulf of Alaska and one over the Aleutian Arc (36 % of cases), (2) a 

large, latitudinally-elongated low-pressure area that stretched across the subarctic North Pacific region 

(50 % of total), and finally (3) a single low-pressure cell centered over western Alaska and the 
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Aleutian Islands (14 % of cases). These patterns present many similarities with the different possible 

states of the AL in the subarctic North Pacific.  

To investigate how different possible synoptic situations influence heavy snowfall amounts in 

the study region, the SWE accumulation amounts recorded at the Divide site during extreme snowfalls 

(corresponding to 200-500 mm SWE over 12 hours) were correlated with the central latitude and 

longitude of the nearest low-pressure area. This examination showed that low-pressure centers were 

widely distributed over a broad region during different snowfall events (mean central position: 57°N 

and 151°W), and only a very weak correlation could be established with the extreme snowfall SWE 

amounts at Divide (< 3 % of variance explained). The recorded snowfall SWE amounts were also 

correlated with negative SLP anomalies of depressions situated in the northeast Pacific (nearest to 

Divide) during the snowfall events. The anomalies varied widely during different storms (mean: 22.5 

mb), and showed very poor correlation with to the snowfall SWE amounts (< 1 % of variance 

explained). Finally, the snowfall SWE amounts were related to estimated SLP gradients between high- 

and low-pressure centers, which determine surface wind strengths toward the Gulf of Alaska coast and 

St. Elias Mountains, and may modulate orographic precipitation in the mountains. The mean pressure 

gradient in situations where a clear dipole SLP anomaly occurred was ~0.01 mb km-1, but values of 

this gradient for individual extreme snowfall events were uncorrelated with snowfall SWE amounts. 

Hence, variations in extreme snowfall amounts in the St. Elias Mountains can not simply be related to 

the geographic position and/or depth of depressions, or to SLP gradients in the surrounding regions. A 

more complex combination of synoptic factors is involved, that would require a more advanced 

investigation to reveal.  

Using the Divide AWS snowfall SWE data and precipitation records from Environment 

Canada and the US National Climatic Data Center, snowfall and total precipitation gradients were 

estimated for both the Oceanic (Alaska) and continental (Yukon) sides of the St. Elias Mountains. In 

the most common situation, when precipitating air originated from the Pacific Ocean (including the 

Gulf of Alaska), a much steeper gradient was observed on the continental side (> 2.7 mm km-1 SWE), 

than on the oceanic side (< 1.8 mm km-1 SWE) of the St. Elias Mountains. The pronounced differences 

clearly reflect the orographic precipitation shadow effect of the St. Elias Mountains. The estimated 

gradients also provide a much more robust quantification of this effect of the St. Elias Mountains than 

had been available until the present study (Baltrenas, 2014).  

Finally, findings from this study were compared with climatological interpretations made from 

ice core proxy records of precipitation obtained from the nearby Eclipse Icefield in the central St. Elias 

Mountains (Kelsey et al., 2012). These authors had previously asserted that years with highest 

wintertime snow accumulation at Eclipse tended to be associated, over the North Pacific region, with a 

dipole structure in the 500-mb geopotential height field, a pattern characterized by a large positive 

height anomaly (20 to > 30 m) over western North America, and an accompanying large negative 

anomaly (20 m) over the central North Pacific. By examining 500-mb geopotential anomalies 
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associated with extreme snowfall events at Divide, it was found that the most common synoptic 

situation shares a strong similarity with the pattern inferred by Kelsey et al. (2012), which also 

resembles the geopotential anomaly pattern associated with the positive phase of the PNA atmospheric 

circulation pattern. These results therefore generally agree with, and support, the interpretation of the 

Eclipse ice-core proxy record of precipitation proposed by Kelsey et al. (2012).  

To summarize, this study has improved our understanding of the synoptic weather patterns 

that accounted for the most abundant snowfall events in the central St. Elias Mountains over the recent 

~decade (2003-2012). However the findings presented here also suggest that neither the geographic 

position or intensity of depressions, nor surface pressure gradients in the subarctic North Pacific are, 

by themselves, good predictors of variations in snowfall amounts in the St. Elias Mountains. Clearly, 

the key synoptic factors that regulate snow accumulation on glaciers in this region are multiple and 

complex, and a more advanced analysis of the available data is needed to identify the best combination 

of climatological predictors for heavy snowfall years in the St. Elias Mountains.  
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