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1. Introduction 

 

Surge-type glaciers are characterized by regular periodic alternations of fast and slow ice-flow, typically 

referred to as active and quiescent phases respectively (Meier & Post, 1969). Controls on the surging 

process are divided between two theoretical initiation mechanisms: threshold behavior of underlying 

sediments, and changes in subglacial meltwater drainage system (Sharp, 1988). 

Surging in the Alaska-Yukon region has been described as a net increase in ice thickness taking 

place in the accumulation zone during the quiescent phase, followed by rapid advance of the terminus due 

to ice being transported into the accumulation zone during the active phase (Meier and Post, 1969; Kamb 

et al., 1985). Furthermore, studies in the Alaska-Yukon region and St. Elias Mountains have provided 

evidence for glacier mass balance as a control on the recurrence interval between active surge events (Abe 

et al., 2016; Bevington and Copland, 2014; Eisen et al., 2001), and similar findings have been recorded in 

the Karakoram Himalaya (Copland et al., 2011) and in the Norweigan high arctic (Dowdeswell et al., 

1995). 

However, the precise relationship between mass balance and cyclic surging events remains unclear 

and is different between regions. In this study, we expand on previous work on the Lowell Glacier, Yukon, 

Canada to better understand this relationship. Specifically, we quantify changes in equilibrium line altitude 

(ELA) over time as a proxy for annual mass balance. We then correlate these changes with the past three 

surge events of the Lowell glacier. This involves an assessment of how the ELA timeseries is responding 

to quiescent and active surge phases, as well as surge characteristics and proposed initiation mechanism 

theories. Based on regional observations presented in previously published work (Abe et al., 2016; Eisen 

et al., 2001), we expect to see a positive mass balance trend during quiescent periods due to ice buildup in 

the accumulation zone, followed by a negative mass balance during the active surge phase due to ice 

thinning from increases in surface area shown in (Bevington and Copland, 2014).

2. Study Area and Background 

The highest concentration of surge type glaciers in North America is located in the Alaska-Yukon region, 

with the majority occurring in the St. Elias Mountains, Yukon (Clarke and Holdsworth, 2002). Extensive 

ice cover and highly variable displays of surging behaviour make the St. Elias Mountains an important 

region in glaciological research, as recent work has been motivated in part by the acceleration of observed 
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changes taking place in the area. The vast ice cover in the area will have a considerable impact on sea 

level rise due to a warming climate.  (Flowers et al., 2014).  

The Lowell Glacier (Lat: 60.28768, Lon: -138. 073941) is a large valley glacier located near the 

eastern limit of the St Elias Mountains, south-west of Haines Junction, Yukon, Canada (Fig.1). It shares 

an accumulation area with the nearby Fisher, Dusty and Hubbard Glaciers, and flows east from the St. 

Elias Icefields (~1500 m a.s.l) to Lowell lake at ~480 m a.s.l (Bevington and Copland, 2014). Lowell 

Glacier is of particular interest to both local populations and researchers due of recent activity showing 

large reservoirs of supra-glacial meltwater generated in the high accumulation zone (AGU, 2019), as well 

as evidence of terminus advances during previous surges which caused the damming of the Alsek River 

and subsequent inundated of the present town site of Haines Junction (Clague and Rampton, 1982). 

Bevington and Copland (2014) characterized the past five surges of Lowell Glacier. The first recorded 

surge event took place on 1948 (A1), followed by 1968 (A2), 1983 (A3), 1997 (A4) and 2009 (A5). They 

provide details on how area, length, and ice-velocity respond to surge events, and provide insight to the 

possible surging initiation mechanisms and controls on recurrence intervals (Fig. 2). As stated previously, 

we will expand on these findings by looking at the correlation between annual mass balance and the past 

three surging events (A3-5).   

Fig. 1. Overview of the Lowell Glacier: LANDSAT 5 TM C1 Level 1 image, captured on July 17 th, 2009. False colour band combination used to highlight 

the contrast between snow (light blue) and bare ice (dark blue) from surrounding terrain. Map created using ESRI ArcGIS 10.6.1. Data Source: United 

States Geological Survey, Global Visualization Viewer.  
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3. Data and Methods 

3.1. Satellite Imagery  

Table 1: Satellite imagery used in this study 

To track and quantify ELA over time, we used 

a collection of satellite images from 1973-

2018. Due to the sparse availability of high-

resolution images in the pre-satellite-mage era 

(<1972), ELA was monitored for only the past 

three surges of Lowell Glacier. For the 

satellite-image era (>1973), 36 LANDSAT 

images were used (Table 1). These images 

were retrieved from the United States 

Geological Survey Global Visualisation 

Viewer as georeferenced level-1 data 

(https://glovis.usgs.gov/), and processed using 

ESRI ArcGIS 10.6.1. A false colour band 

combination was used to provide contrast 

between bare ice, snow and water bodies, and 

only images with little to no (< 20%) cloud 

cover were chosen to allow for clear viewing 

of the glacier surface. Data was used from 

Landsat 4-8 satellites, with spatial resolutions 

varying from 30 - 60 meters. These images 

were used to track the location the snowline 

(firn-line) at the end of the balance year (late 

August – early September). Images captured 

during this time period were used whenever 

possible, however this was not applicable for 

some years (e.g. 1999 and 2011) due to 

Satellite 

 

 

 

Spatial Resolution 

(meters) 

 

 

Acquisition Date 

(yyyy-mm-dd) 

 

 

Landsat-1 (L1) MSS 60 

1973-09-13, 1975-09-22, 
1977-09-27 
 

Landsat-2 (L2) MSS 60 
1976-08-01, 1978-08-28 
 

Landsat-3 (L3) MSS 60 1980-08-26 
Landsat-4 (L4) 

MSS/TM 
60, 30 

1983-08-28, 1984-08-21, 
1985-08-24, 1986-09-03 

Landsat-5 (L5) 

MSS/TM 
60, 30 

1988-09-09, 1989-08-27, 
1990-08-23, 1992-08-26, 

1993-09-14, 1994-08-18, 
1995-09-06, 1996-09-06, 

1998-08-13, 1999-07-31, 
2003-08-11, 2004-08-13 

 

Landsat-1 (L7) 

ETM+ 
30 

2001-08-13, 2005-08-15, 
2006-08-09, 2007-08-28 
2008-08-30, 2009-08-03, 
2010-09-14, 2011-07-22, 

2016-08-20 
 

Landsat-1 (L8) 

OLI/TIRS 
30 

2013-08-13, 2014-08-23, 

2015-08-03, 2017-08-08, 
2018-09-03 

 

Fig. 2. Canadian Digital Elevation Model of Lowell Glacier with CanVec 

Contour Elevation overlay. Data source: Government of Canada Open Data 

Portal. Snowline elevations determined by visual approximation.  

 

https://glovis.usgs.gov/
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unavailability of data. All images in table 1 refer to those used in approximating ELA over time. 

3.2. Elevation Data 

To determine the snowline altitude, 40 meter contour polygons from the Government of Canada Open 

Data Portal CanVec series were used as a reference along the glacier (fig. 2). A high resolution (20 m) 

Canadian Digital Elevation Model (CDEM) was used in conjunction with contour data for more accurate 

approximations of snowline altitude. Elevation data was retrieved from the GC Geospatial Data Extraction 

Tool (https://maps.canada.ca/czs/index-en.html).  

 

3.3. Reconstructing (Relative) Mass Balance from ELA 

Remotely-sensed imagery provides a useful and important tool for identifying the ELA in remote areas 

where field observations are lacking (Østrem, 1975). Since ELA is equivalent to the snowline at the end 

of the balance year (Braithwaite and Raper, 2009; Mernild et al., 2003; Østrem, 1975), remotely sensed 

images and elevation data were able to give a reliable approximation of the maximum ELA for the Lowell 

Glacier from 1973-2018. This altitude corresponds to where the net annual mass balance (defined as 

the net glacier mass balance from the onset of the accumulation season to the end of the following ablation 

season) on the glacier is zero (accumulation = ablation), where an increase/decrease in ELA between 

balance years corresponds to a net negative/positive mass balance respectively (Mernild et al., 2013; Hock 

et al., 2007). Therefore, a time series of maximum ELA each year will highlights relative variations in 

mass balance – that is, an increasing/decreasing ELA will be indicative of a net negative/positive mass 

balance relative to the previous year (Fig. 3).  

3.4 Error and Uncertainty 

Although the ELA - mass balance relationship is well established (Hock et al., 2007; Mernild et al., 2013; 

Østrem, 1975; Pelto, 2011), it should be noted that the methods presented here are purely qualitative and 

do not reflect precise mass balance measurements; we will be using the term ‘relative mass balance’ as a 

generalization of net annual mass balance year to year. Therefore, our analysis will be based on the 

assumption that net positive / negative changes in mass balance are reflected in the movement of the ELA 

respective to Lowell Glacier. Mass balance calculation techniques such as field measurements and 

accumulation area ratio (AAR) along a balance gradient curve would reduce uncertainty (Braithwaite and 

Raper, 2009; Pelto, 2011). However these methods are time and resource intensive and require in situ field 

visits. The ELA values used in our analysis will have an associated uncertainty of (+/- 20 meters), as this 

https://maps.canada.ca/czs/index-en.html
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is the spatial resolution of the DEM used to determine elevation values. It has been suggested that all 

known ELA series show highly variability between successive years, corresponding to years with highly 

negative or positive mass balances (Braithwaite and Raper, 2009). The Lowell Glacier is no different, and 

ELA observations should be considered as qualitative estimations rather than precise quantitative 

measurements.  

4. Results  

Our findings indicate that the Lowell Glacier exhibits a negative overall mass balance trend from 1973 to 

2018. This is consistent with an average annual temperature increase in the Alaska-Yukon region 

(Government of Yukon, 2018; Stafford et al., 2000). ELA on the Lowell Glacier demonstrates an 

increasing trend during the quiescent phases leading up to a surge event, and a decreasing trend during the 

active phase and the years following (Fig. 3). This is indicative of a negative relative mass balance during 

quiescent phases, which contradicts our hypothesis. As indicated in Figure 4, ELA increases as much as 

280 meters (1975) during the quiescent phase following the 1968 surge event (A2). ELA decreased as 

much as 100 meters in active surge years (e.g. A4), which can be explained by ice thinning due surface 

Fig. 3. ELA timeseries 

(1973-2018): ELA 

derived from snowline at 

the end of the balance 

year (late August – early 

September) using 

satellite imagery. Surge 

events derived from 

Bevington and Copland 

(2014); categorized into 

quiescent and active 

phases. 

 

Fig. 4. Change in ELA 

(1973-2018): Change 

depicted as the 

difference in ELA 

between successive 

years. Reference line 

(ELA = 0 m a.s.l) is the 

first recorded ELA in 

our dataset (1973). 

Relative mass balances 

is divided into positive 

and negative categories 

depending on decreases 

and increases in ELA 

over one balance year 

respectively.  
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area increases, resulting in extensive ablation during the surge (Bevington and Copland, 2014; Sharp, 

1988).  

 

During active surge years (A3-A5), ELA on the Lowell Glacier decreases, then gradually starts to 

increase after 2-3 years following the surge event. There seems to be an observable lag period for which 

the glacier adjusts the ELA to account for the change in surface area and ice thickness. This indicates that 

the positive mass balance during these years is more or less a response to, rather than a driver of surge 

events. Figures 3 and 4 show that the surging process for the Lowell Glacier is not necessarily initiated by 

a mass balance threshold. If this hypothesis were true, it would 

be highly improbable to see ELA increasing during quiescent 

periods, since mass balance and ELA are closely related 

(Braithwaite and Raper, 2009; Mernild et al., 2013).  

Since 1948, the average interval between successive 

surges on Lowell Glacier is 15.25 years and appears to be 

decreasing over time (Bevington and Copland, 2014) and  ELA 

on the Lowell Glacier increased from 1080 to 1560 meters above 

sea level from 1973-2018. Our analysis suggests that the 

increasing surge frequency is most likely due to the negative 

mass balance trend as indicated by the ELA timeseries (fig. 3). 

However, figure 4 shows that the Lowell Glacier does not 

necessarily share the same mass balance – recurrence interval relationship as other Alaska-Yukon glaciers 

such (e.g. Variegated glacier), where a higher net annual mass balance leads to a shorter recurrence interval 

between surge events (Eisen et al., 2001). This is unclear in our analysis, as no obvious ELA trends are 

observed. A timeseries of cumulative mass balance is needed to establish this relationship. 

Figure 5 (taken from Bevington and Copland, (2014)), 

illustrates the dynamic elevation changes that are occurring in 

the ablation during active surge years, which may help to 

explain patterns of positive/negative mass balance in the 

surging process. Here we see a decrease of up to 2.2 m/yr across the main ablation area and 3.7 m/yr near 

the terminus of Lowell Glacier using a 1976-2003 DEM comparison.  

 

5. Discussion and Conclusions 

Fig. 5. Difference between DEMs of the of Lowell 
Glacier: ablation area: (a) 1976–2003 (Q2–Q4); (b) 

2003–06 (Q4); (c) 2006–11 (A5); (d) centre-line 

profiles of DEM Difference. Elevation changes that 

could not be calculated due to cloud cover are identified 

by cloud symbol. (Bevington and Copland, 2014) 
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In this study, we expand on previous work on the Lowell Glacier to better understand this relationship 

between mass balance and cyclic surging events. Remotely sensed images have allowed us to track the 

Lowell Glacier ELA from 1973 – 2018, which indicates relative mass balance conditions. We have shown 

a positive (increasing) ELA trend since 1973, which is correlated with an average annual temperature 

increase in the region. This indicates a negative mass balance trend during this time, which is consistent 

with previous work showing a decrease in surface elevation of the main ablation area and near the terminus 

of Lowell Glacier (fig. 5), (Bevington and Copland, 2014), as well as a sustained and rapid thinning of 

0.78 ± 0.34 m yr−1 water equivalent Yukon glaciers since the 1957 (Barrand and Sharp, 2010).  

Furthermore, our analysis suggests that mass balance conditions are most likely driven by climate 

as opposed to the surging process, since our ELA time series does not exhibit a net positive mass balance 

during quiescent phases. This indicates that the surging process is not initiated by a mass balance threshold 

(e.g. Variegated Glacier), since the mass balance relationship demonstrates a lagged response to surging 

events (fig. 4). Eisen and others (2001) show that the surging process for Variegated Glacier is driven by 

net positive cumulative mass balance conditions, which does not coincide with our findings. The different 

mass balance-surging relationships among these two glaciers may be better explained by  differences in 

thermal regime (bed characteristics), as well as subglacial meltwater drainage systems as specified in 

previous research in the Alaska-Yukon region (Fowler, 1987; Harrison and Post, 2003; Lingle and Fatland, 

2003). 

Although we do not have direct evidence observations of bed characteristics, it has been suggested 

that Lowell Glacier surges are initiated by a hydrological switch, where the subglacial drainage system 

changes from inefficient constricted to efficient channelized (Bevington and Copland, 2014). This implies 

that surges are most likely the result of build-up of mass in the accumulation area due to insufficient 

motion of the ablation area during quiescent periods, followed by the down-slope transport of mass which 

is initiated by subglacial drainage patterns (Kamb et al., 1985; Murray et al., 1998). These findings were 

derived from relative area, length, surface velocity changes, along with surface elevation changes (fig.5 ) 

during the Lowell Glacier’s last five surges. Nevertheless, the mass balance - surging relationship is can 

most likely indirect according to our findings. Further research is needed to quantify cumulative mass 

balance in both the accumulation and ablation areas  before and after surging events, however we infer 

from our results and that of previous works that the Lowell Glacier will not exhibit a mass balance 

threshold for surging initiation.  

We would suggest that detailed studies on ice thickness in the accumulation area of Lowell Glacier 

would indicate how the surging initiation mechanism is related to mass build-up, rather than annual mass 

balance. DEM comparisons have been shown to be useful in this regard (Bevington and Copland, 2014), 
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as well as snow depth measurements and calibration of AAR to a balance gradient curve (Hock et al., 

2007; Pelto, 2011). Information regarding the build-up and downslope transfer of mass will be important 

in forecasting surges for not only the Lowell, but other alpine valley Glaciers in the Alaska-Yukon region.  
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