
Independent Project at the Department of Earth Sciences 
Självständigt arbete vid Institutionen för geovetenskaper 

2017: 13 
 
 
 
 
 
 
 
 
 
 

Reconstructing the Long-Term 
 Mass Balance of Brewster Glacier, 

 New Zealand, Using a 
Degree-Day Approach 

Rekonstruktion av den långsiktiga massbalansen 
 för Brewster Glacier, Nya Zeeland, genom 

 tillämpning av graddagar 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rikard Palmgren 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEPARTMENT OF 
EARTH SCIENCES 

I N S T I T U T I O N E N  F Ö R  

G E O V E T E N S K A P E R  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Independent Project at the Department of Earth Sciences 
Självständigt arbete vid Institutionen för geovetenskaper 

2017: 13 
 
 
 
 
 
 
 
 
 
 

Reconstructing the Long-Term 
 Mass Balance of Brewster Glacier, 

 New Zealand, Using a 
 Degree-Day Approach 

Rekonstruktion av den långsiktiga massbalansen 
 för Brewster Glacier, Nya Zeeland, genom 

 tillämpning av graddagar 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rikard Palmgren 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Rikard Palmgren  
Published at Department of Earth Sciences, Uppsala University (www.geo.uu.se), 
Uppsala, 2017  



 

Sammanfattning 
 
Rekonstruktion av den långsiktiga massbalansen för Brewster Glacier, Nya 
Zeeland, genom tillämpning av graddagar 
Rikard Palmgren 
 
Varmare klimat är något som kontinuerligt påverkar glaciärer planeten över och har 
under det senaste århundrandet vidtagit en global ökning av negativa massbalanser. 
Denna trend kan bidra till variationer i havsnivån och orsaka problem med 
översvämningar över hela världen. Övervakning och observation av världens 
glaciärer är därför väldigt viktigt och genom att skapa modeller som tillåter insyn i 
glaciärernas respons till atmosfärisk fluktuation går det att åstadkomma en djupare 
förståelse för hur den globala uppvärmningen kommer att utvecklas. 
 I detta projektet återskapas massbalansen för Brewster Glacier, Nya Zeeland, för 
perioden 2005 – 2015 genom tillämpning av graddagar. Modellen har försetts med 
data från ett nyligen genomfört nedskalningsprojekt som har producerat atmosfäriska 
data för perioden 1979 – 2015 vilket tillåter modellen att köras. Resultaten som 
presenteras kommer att bidra till större inblick i graddags-modellen om huruvida 
tillvägagångssättet att använda enkel temperatur- och nederbördsdata är tillförlitligt 
för att porträttera massbalansen för glaciärer. 
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Abstract 
 
Reconstructing the Long-Term Mass Balance of Brewster Glacier, New 
Zealand, Using a Degree-Day Approach 
Rikard Palmgren 
 
Warmer climate is something that is continuously affecting glaciers across the planet 
and has during the last century gained a global increase in negative mass balances. 
This trend has contributed to sea-level rise and had other impacts on water 
resources. Monitoring and observing the worlds glaciers is therefore very important 
and by creating models that allows insight in the glacier response to atmospheric 
fluctuation, it is possible to obtain deeper knowledge on how the global warming will 
develop. 
 In this project, the mass balance of Brewster Glacier, New Zealand, is 
reconstructed for the period 2005 – 2015 using a degree-day approach. The input for 
the model has been obtained from a recent downscaling project that has produced 
atmospheric data over the period 1979 – 2015 that allows the model to run at a daily 
temporal resolution. The results presented are going to contribute to a greater insight 
in the degree-day model as to whether the approach of using simple air temperature 
and precipitation data are reliable to portray the mass balance of glaciers. 
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1. Introduction 
Climate change and variability in temperature is continuously affecting glaciers 
across the planet and has led to a worldwide retreat during the twentieth and early 
twenty-first centuries (Mackintosh et al., 2017). Glaciers experience the alteration 
towards climatic elements as a change in accumulation or ablation, influencing the 
glacier mass. The sensitive response provides valuable information and can be used 
to establish trends in future climate change and the implications it may bring on 
current sea-level (Six and Vincent, 2014). Monitoring glacier-climate interaction is 
therefore of great importance and by strengthening the glaciological record it can 
contribute to further understanding of climate change on a broader scale. Despite 
this, the dataset linked to the Southern Hemisphere is highly under-represented and 
includes only one of the 30 glaciers that have continuous measurements since 1976 
(Zemp et al., 2009; Cullen et al., 2017). This underlies the need to improve 
observations in this part of the world and because the Southern Alps of New Zealand 
holds among the few temperate glaciers in the Southern Hemisphere, their response 
to climate change is of great interest (Sirguey et al., 2016). 
    The location of New Zealand, between latitudes 34°S and 47°S and surrounded by 
the ocean in the southwest Pacific, causes the glaciers to be influenced by both 
subtropical and polar air masses. Together they interact within the mid-latitude zone 
of westerly winds and creates a synoptic-scale atmospheric circulation that has 
strong effects on glacier behavior (Fitzharris et al., 1992, 1997; Clare et al., 2002; 
Gillett and Cullen, 2011; Cullen and Conway, 2015). The prevailing winds from the 
west also contribute to a large amount of orographic precipitation. This is mainly 
controlled by the features of the Southern Alps which supply the South Island of New 
Zealand with a 600 km long and 2-3 km high barrier along the western coast. The 
blocking effect from the mountain range forces the air mass to rise, cool and 
condense. Consequently, as the air travels, it releases most of its contained water, 
creating strong föhn effects in westerly conditions (Chinn, 2001). The precipitation is 
evenly distributed throughout the year, allowing accumulation to occur at times even 
during the summer months, and can in areas west of the Main Divide reach a 
maximum of 15 m w.e. a-1 (Willsman et al., 2015). In addition to a large amount of 
precipitation, the area is at the same time exposed to high ablation rates due to the 
low mean elevation. This causes a major part of the area in the Southern Alps to 
experience a big input-output of mass and exhibit a high sensitivity of advance or 
retreat towards climate fluctuation (Fitzharris et al., 1999).     
    The aim of this study is to reconstruct the mass balance of Brewster Glacier by 
using a simple degree-day model to assess its ability to be wed as a tool to reliably 
advance glaciological research. The period of interest is between 2005 – 2015, in 
order to match previous observations of mass balance that is going to be used as a 
calibration model. The atmospheric data used as input in the degree-day model have 
been obtained by a recent statistical downscaling project which has enabled air 
temperature and precipitation over a 37-year period, 1979 to 2015 (Hofer et al., 
2017). The downscaling project is based on a relationship between data collected at 
Mount Brewster measuring site in the Southern Alps and a global reanalysis data. 
The data are used to portray the melt through a degree-day model which builds 
around the interaction between ablation and the sum of positive air temperature. The 
modelled melt is compared to the amount of snowfall and used as a tool to observe 
spatial and temporal patterns of long-term mass change. The uncertainties 
associated with the model are discussed in a later section. 
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Figure 1. A map over Brewster Glacier and surrounding topography. The locations of the 
automatic weather stations are indicated with orange triangles and the ablation stake 
network are represented by filled black circles. The insert map shows the position of 
Brewster Glacier in the Southern Alps of the South Island, New Zealand. The map is used 
with permission from Nicolas Cullen. The original is in Cullen and Conway (2015). 
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1.1 Mass balance 
Glacier mass is highly influenced by variation in precipitation, solar radiation and 
temperature that leads to changes in mass balance, the budget system, of a glacier 
(Oerlemans, 2001). These atmospheric variables control the amount of mass loss 
and gained, causing the glacier to change in length, volume and area. The glacier 
system receives snow and ice through processes of accumulation (precipitation, 
avalanches, windblown snow) and loses mass through ablation (surface melt, 
sublimation, calving). The difference between these two processes represents the 
mass balance and provides knowledge about when the glacier is advancing or 
receding, a response that is also being recognized as a well-trusted indicator of 
climate change (Zemp et al., 2015). 
 Mass balance is measured over a stated span of time that is displaced from the 
calendar year. It is often a seasonal measurement defined as winter and summer 
balance, stretching from the beginning of winter to the end of summer. Ablation and 
accumulation are generally controlled by the seasons, where the glaciers experience 
a growth during the colder winter month and decline during the summer. This is a 
typical annual cycle at mid-latitude locations whilst in the tropical regions, where 
ablation and accumulation are distributed throughout the year, multiple seasons of 
melt and growth can occur (Hock, 2010). The location of the glacier also has an 
impact on how fast it responds to climate change, which is mainly controlled by the 
mass-balance gradient. The maritime glaciers in New Zealand have a large gradient 
due to the high input-output of mass (high accumulation, high ablation). Therefore, 
the response time to climate variations may be shorter than for the glaciers with a 
lower gradient (low accumulation, low ablation), which may respond slower. Different 
mass balance gradients and how fast the glacier responds to climate change is 
individual and can therefore lead to adjacent glaciers exhibiting very different 
advance or retreat at a given time (Fitzharris et al., 1997). 
 Obtaining mass balance data often requires labour intensive work and can be 
collected in the field by measuring the change in mass with snow stakes and snow 
pits at specific sites along the glaciers different elevation gradients. Another 
approach is using remote sensing that provides information how the glaciers are 
changing with help from digital elevation models (DEM:s) that provides good 
precision (Friedt et al., 2015). This allows data that have been measured in the field 
to be extrapolated over the entire glacier from a distance. However, the method of 
direct field measurements is still irreplaceable due to the direct, undistorted data it 
produces. To determine the annual and seasonal mass balance (ba) at a point on the 
glacier, the sum of the winter (bw) and summer balance (bs) applies. This is 
equivalent to the sum of accumulation, ca, and ablation, aa, and can be described by: 
 

𝑏𝑏𝑎𝑎 = 𝑐𝑐𝑎𝑎 + 𝑎𝑎𝑎𝑎 = 𝑏𝑏𝑤𝑤 + 𝑏𝑏𝑠𝑠                                  (1)                                                 
 
However, Eq (1) is just referring to a specific point at the glacier. To obtain the annual 
balance for the whole glacier its area must be considered. The mass balance for the 
whole glacier, expressed in capital letters, is given by Eq (2): 
 

𝐵𝐵𝑎𝑎 = ∫𝑏𝑏𝑎𝑎 𝑑𝑑𝑑𝑑                                          (2) 
 
where Ba is the annual mass balance for the whole glacier, ba is the annual mass 
balance at a specific point and A represents the area. 
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1.2 Temperature-index models 
There are a variety of ways to portray the amount of melt that is going to occur on a 
snow-covered or glaciarised area, but they commonly fall into two categories: energy 
balance models and temperature-index models (Hock, 2005). The two melt models 
account for different variables, with the energy balance models generally requiring 
access to more complex information such as radiation and heat flux, which can be 
difficult to obtain. However, the most commonly practiced method is the simple 
temperature-index or degree-day model based on the connection between ablation 
and air temperature. The wide usage is owing to the large amount of available air 
temperature data which is relatively easy to interpolate and forecast but also because 
the model, despite its simplicity, shows a relatively good performance (Hock, 2003). 
Though energy balance models are more complex, temperature-index models often 
match the performance on a catchment scale (Hock, 2003). This is mainly due to the 
structure of the energy-balance equation, being built with components having a high 
correlation with air temperature, which is the main input of the temperature-index 
models. 
 The simple temperature-index equation can be expressed as: 
 
  

�𝑀𝑀 = 𝐷𝐷𝐷𝐷𝐷𝐷�𝑇𝑇+
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1

∆𝑡𝑡                                           (3) 

 
 
where M is the amount of snow or ice melt in millimeters, ∆t (d) is the period of n time 
intervals, T+ (°C) is the sum of positive air temperature for each time interval during 
the same period, and DDF (mm d-1 °C-1) is the degree-day factor. The degree-day 
factors are different for snow and ice because snow covered surfaces tend to absorb 
less amount of solar radiation than bare ice, which has a tangible impact on melt 
rate. Therefore, depending on if the surface is snow or ice, different values for the 
degree-day factors are used as input to the temperature-index equation to account 
for the variation in melt rates. Degree-day factors are also influenced by the seasons, 
but also the position of the glacier that can cause individual degree-day factors. Due 
to this, models that is based on the temperature-index or degree-day model are 
usually calibrated with past mass balance glaciological records to be able to achieve 
the correct factor for the glacier that is going to be studied. 
 In this project, Matlab was used to run a fully distributed degree-day model based 
on daily temperature and precipitation data under a specific span of time. The 
desired 11-year mass balance period runs from 2004/12/18 to 2015/03/17 and is 
combined with a digital elevation model (DEM) to account for the glaciers different 
elevation. The parameters utilized within the model in combination with the 
reconstructed atmospheric data enables the cumulative mass balance of Brewster 
Glacier to be displayed. The results achieved will be presented in a later section and 
will show how the mass balance has evolved and varied between 2005 and 2015. 
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2. Method 
2.1 Site description 
Brewster glacier is a small, maritime mountain glacier situated west of the main 
divide in the Southern Alps of New Zealand (44.08°S, 169.43°E). The glacier has an 
area of 2.03 km2 and a total length of around 2.5 km, with an elevation that varies 
from 1700 to 2400 m a.s.l. in a northerly direction (Figure 1). Most of the glacier in 
the south and lower part is gently sloping with a mean gradient of 11°, which 
increases at higher altitudes and reaches up to 31° below the summit of Mount 
Brewster that contains several large ice cliffs. The annual air temperature at the 
terminus of the glacier at 1760 m a.s.l. is measured to 1.2 °C and the annual 
precipitation is approximately 6000 mm w.e. (Cullen and Conway, 2015, 2016). 
Brewster Glacier is positioned close to the main divide at the midpoint of the north-
south distribution of glaciers in the Southern Alps (Chinn et al., 2012). The relative 
low mean topography and high exposure to synoptic weather systems results in the 
glacier being representative of the regional atmospheric controls on glacier surface 
climate. 
 Brewster Glacier is also one of the 50 index glaciers in the Southern Alps that 
have been surveyed as part of the EOSS programme since 1977 to determine end-
of-summer snowlines (Willsman et al., 2013) and it now provides a 40-year record of 
glacier behavior. Prior to 1999, end-of-summer anomalies were generally lower than 
the long-term average (positive mass balance), while higher snowlines (negative 
mass balance) have been observed more frequently since 2008, a trend consistent 
with other index glaciers in the Southern Alps. Systematic direct mass balance 
surveys of the glacier have also been carried out June 2004 and are included in the 
World Glacier Inventory (Ohmura, 2009). The annual mass balance between 2004 
and 2008 varied from 1.1 to -1.7 m w.e. a-1 (mean positive mass balance of 0.1 m 
w.e. a-1) (Anderson et al., 2010). Measured winter balances (April – October) during 
this period were on average 2.7 m w.e. a-1 (range 0.6 m w.e. a-1), while summer 
balances (November – March) varied from -1.8 to -4.1 m w.e. a-1, suggesting that 
interannual variability in total mass balance is driven primarily by summer balances 
(Cullen et al., 2017). 
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Figure 2. Photo of the AWSlake located on bedrock next to the small proglacial lake around 
500 meter from Brewster Glacier terminus at an altitude of 1650 m a.s.l. (44.084°S, 
169.429°E). 

 
Table 1. Variables measured and sensor specifications at the automatic weather station of 
Brewster Glacier (Figure 2). 

Variable Instrument Accuracy 

U (m s-1)  RM Young 01503 0.3 m s-1 

Ta (°C) Vaisala HMP 45AC 0.3 °C 

RH (%) Vaisala HMP 45AC 3 %  

p (hPa) Vaisala PTB110 0.5 hPa 

SW↓ (W m-2) Kipp and Zonen CNR1 5% 

SW↑ (W m-2) Kipp and Zonen CNR1 5% 

LW↓ (W m-2) Kipp and Zonen CNR1 5% 

Ts (°C) Kipp and Zonen CNR1 1°C 

Precipitation (mm) [TB4] 25% 

Surface and sensor height SR50a ±1 cm 
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2.2 Data 
The atmospheric data-set used to reconstruct the 11-year mass balance record was 
obtain by a recent statistical downscaling project made by Hofer et al. (2017) who 
produced the variables allowing the temperature-index model to be run. The 
downscaling process is based on a relationship between observations from the 
Mount Brewster site and the reanalysis data, the ERA-interim by the European 
Centre for Medium-Range Weather Forecasts (ECMWF). The ERA-interim is a global 
atmospheric reanalysis from 1979 which is continuously updated normally with an 
interval of 1-2 months. This model is about 700 m lower than the true elevation of 
Brewster Glacier. The five-year data-set from Brewster Glacier comes from the 
measuring site situated about 500 m from the glacier terminus, close to the proglacial 
lake, at 1650 m a.s.l. (AWSlake). The permanent AWSlake (44.084°S, 169.429°E) was 
installed in 2004 and is a tripod mounted station on bedrock beside the terminal lake 
of Brewster Glacier (Figure 2). The data collected, described more thoroughly in 
Cullen and Conway (2015), consist of daily air temperature and precipitation among 
other variables (Table 1). The measuring period stretches from June 2010 to October 
2015 with continuous measurements of daily air temperature. The precipitation at 
AWSlake was only readable during the summer months, usually November to May, as 
the rain gauge attached to the instrument becomes covered in snow during the winter 
months, winter and spring. To account for this, a relationship has been developed 
between rainfall at AWSlake and another station, Makarora, located around 30 km 
southwest of Brewster Glacier at the lower altitude of 320 m a.s.l. The precipitation 
was compared between the two stations using a tipping-bucket rain gauge at 
Makarora. The lower elevation of Makarora station results in the rain gauge not being 
covered in snow, which allows the amount of rain to be measured. The similar 
physiographic setting as Brewster was the reason this site was chosen. The 
downscaling project made by Hofer et al. (2017) has produced, in combination with 
the five-year data-set from Mount Brewster station and the ERA-interim, a data-set of 
the key atmospheric data that covers the period between 1979 to 2015, allowing 
mass-balance modelling over this 37-year period. However, this project has focused 
on the period 2005 – 2015 to allow calibration of the simulation model from past 
measured mass balance for Brewster Glacier. The glaciological record used is 
derived from a recently conducted mass-balance programme, which was initiated in 
February 2004 and matches the 11-year period of interest (Cullen et al., 2017). 
 
2.3 Modelling input-data 
The simulation model within Matlab is provided with daily air temperature and 
precipitation data and runs over a specific mass-balance year, where summer 
balance is calculated in September or October and winter balance in March or April. 
To plot the distributed total mass balance changes of Brewster Glacier, a 50-m 
resolution DEM is used and shows how the glacier mass balance varies from an 
elevation between 1707 – 2387 m. Furthermore, for the model to run, a set of 
criterions need to be set. They include degree-day factors (DDF) for both snow and 
ice, lapse-rate and rain/snow threshold.  
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3. Results 
3.1 Meteorological results 
Below, the meteorological results of the project are presented. The data used for the input in 
the temperature-index model were obtained by the recent downscaling project over the period 
1979 – 2015 and are shown in Figure 3 and 4. A summary of the atmospheric data with 
different variables for the 37-year period was made and includes a comparison between 1979 
and 2015 and is presented in Table 2. 
 

 
 

Figure 3. The graph shows the number of days with precipitation on the left y-axis (blue) and 
the amount of snow/rain on the right y-axis (orange), together with the measuring period on 
the x-axis. 

 

 
Figure 4. The graph shows the mean amount of precipitation for every year on the left y-axis 
(blue) and the mean temperature per year on the right y-axis (orange), together with the 
measuring period on the x-axis. 
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Table 2. Summary of meteorological data for Brewster Glacier during a 37-year period and 
the 11-year mass-balance interval of interest. Also, a comparison showing the difference 
between 1979 and 2015. 
 

Variable  1979 – 2015 2005 – 2015 Difference 1979 – 2015 
     
Mean air temp (°C)  1.54 ± std. 0.5178 1.88 ± std. 0.4263 0.3 

 
Max temp (°C)  15.8 15.8 0.5 

 
Min temp (°C)  -10.1 -10.1 -1.1 
     
Mean precipitation (mm day-1)  18.2 ± std. 1.6131 17.5 ± std. 1.2669 -2.3 
     
Max precipitation (mm day-1)  215.5 215.5 -4.4 
     
Min precipitation (>0) (mm day-1)  0.001 0.002 -0.37 
     
No. of days with rain (%)  51 53 -1 
     
No. of days with snow (%)  49 47 -0.4 
     
Total rainfall (mm)  124769 37143 -649 
     
Total snowfall (mm)  121490 33155 -181 
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3.2 Simulation results 
In this section, the results from the temperature-index model will be presented. The model 
was first calibrated by comparing the 11-year record of glaciological mass balance for 
Brewster Glacier to the model simulation (Figure 5). The different criterions in Matlab were 
then modified until the model displayed a result as close as possible to the observed mass 
balance record. The degree-day factors were set to 4.7 for snow and 7.2 for ice. The 
temperature threshold, indicating the phase change between snow and rain, was set to 1°C. 
Lastly, the lapse rate, that shows how the temperature varies with elevation, was set to -0.006 
°C m-1. The calibrated model simulation was then processed to portray the summer, winter 
and annual mass balance of Brewster Glacier over the period 2005 (18/12) to 2015 (17/3). 
The results are presented in two ways, one that shows the average summer, winter and 
annual mass balance for the 11-year period and the other is a comparison between the most 
positive mass balance year (2005) and the most negative (2008), including how the summer, 
winter and annual mass balance varies with elevation. The confidence level of the simulation 
model is established with student’s t-test to determine if the two sets of mass-balance data are 
significantly different from each other and if the degree-day model is considered to be reliable. 
 

 
Figure 5. Observed mass balance record for Brewster Glacier between 2005 and 2015. 
Error bars indicate one standard error. 

 

Figure 6. Modelled mass balance for Brewster Glacier between 2005 and 2015. Error bars 
indicate one standard error. 
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Figure 7. Comparison between the annual modelled mass balance and the observed mass 
balance over the period 2005 – 2015. 

 
 

 
Figure 8. Comparison of the summer mass balance between 2005 and 2008 with respect to the 
different elevations of Brewster Glacier. 
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Figure 9. Comparison of the winter mass balance between 2005 and 2008 with respect to the different 
elevations of Brewster Glacier. 
 
 

 
 
Figure 10. Comparison of the annual mass balance between 2005 and 2008 with respect to the 
different elevations of Brewster Glacier. 
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Figure 11. Comparison between modelled summer balance and modelled annual balance 
over the period 2005 – 2015. 

 

 
Figure 12. Comparison between modelled winter balance and modelled annual balance over 
the period 2005 – 2015. 
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Table 3. Summary of the modelled average summer, winter and annual mass balance for 
Brewster Glacier from 2005 to 2015. The t-test shows the difference in means for the same 
period and variables in comparison with the observed average mass-balance values. The 
units for mass-balance values are mm w.e., while t-test is unitless. 
 
 

Year Winter balance Summer balance  Annual balance 
    
2005 3014 -1643 1371 
    
2006 2875 -1619 1256 
    
2007 1134 -2153 1019 
    
2008 1742 -3494 -1752 
    
2009 1951 -2030 -79 
    
2010 2155 -2332 -177 
    
2011 2025 -2364 -338 
    
2012 1227 -2380 -1158 
    
2013 1601 -2524 -923 
    
2014 1916 -2652 -735 
    
2015 2017 -2557 -540 
    
Mean 1969 -2341 -187 
    
t-test 0.024 (< 0.05) 0.410 (> 0.05) 0.845 (> 0.05) 
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4. Discussion 
4.1 Climate 
The atmospheric data reconstructed by Hofer et al. (2017), shown in Figure 3 and 4, 
reveals over the 11-year period between 2005 and 2015, a significant (P-value < 
0.05) increase in mean air temperature (+0.3 °C). Therewith, the mean precipitation 
has over the same period decreased by 2.3 mm day-1. But unlike the temperature, 
there is no significant correlation (P-value > 0.05), suggesting that influence on long-
term mass balance is most likely due to steady rising of air temperature, whilst 
annual spikes in precipitation may have most impact on the short-term annual mass 
balance fluctuations. As both datasets are components in the degree-day model and 
exhibit values affecting the mass balance negatively, the model should present a 
result of a total decrease in the annual mass balance (Figure 6). The reconstructed 
climatic elements used as input for the simulation model are crucial to represent a 
result close to reality for the model be successful. By comparing the modelled mass 
balance with the observed mass balance in Figure 7, we can see the annual 
variations follows the same patterns, but show a weak (R2 = 0.30936) and no 
significant (P-value = 0.07559). Despite this, the conclusion is that the reconstructed 
atmospheric data for Brewster Glacier is a dependable source to be used as input in 
the degree-day model and the weak correlation values originates largely from the 
calibrated parameters within the Matlab code. 
 
4.2 Model simulation 
Looking towards the results that have been achieved, a noticeable dissimilarity 
between the modelled and observed mass balance can be seen. This can be traced 
back to a several reasons, including the input data and the final calibration of the 
model. Because the input data are based on the relationship between the measuring 
station at Brewster Glacier (AWSlake, Figure 2) and the ERA-interim data, differences 
from the direct measured values can have contributed to the divergence. 
Furthermore, the calibration of the model was carried out by comparing the 11-year 
record of glaciological mass balance to the model created in Matlab over the same 
span of time. The calibration assumes the variables DDFsnow, DDFice, temperature 
threshold and lapse rate, that were modified until the simulation demonstrated the 
result closest to the observed mass balance record. The entry values were taken 
from the literature but shortly neglected due to the poor correlation between the two 
models. With that in mind, the interpretation of best fit can have influenced the final 
results and cause small variations in the annual mass balance. 
 The calibrated model was then set to run for the whole 11-year period between 
2005 and 2015. The results produced are represented by Figure 6 through 10 and 
provides a clear overview of the glacier average summer, winter and annual mass 
balance. When comparing the results with the observed mass-balance record 
showed in Figure 5, the simulation model produced a mean annual value of -372 mm 
w.e. whilst the observed showed a mean annual value of -102 mm w.e., indicating a 
difference of -270 mm w.e. for the same 11-year period. Looking more closely at the 
mean summer and winter balance, a difference of -245 mm w.e. and -515 mm w.e. is 
observed. Because of this, we can conclude that the largest difference between the 
two models is mainly caused by underestimating the winter balance and thus the 
amount of accumulation. When accounting for the hypsometry of Brewster Glacier, 
as displayed by Figure 8 through 10, the continuous trend is an upturn in positive 
mass balance associated with rising elevation. This was expected because of the 
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assumption that the temperature decreases with a linear trend of -0.006 °C m-1, 
allowing more precipitation to fall as snow and reduce the amount of surface melt. 
 By comparing the annual balance against summer and winter, respectively, Figure 
11 and 12 illustrates how well they correlate. There is a fairly strong (R2 = 0.73501, 
R2 = 0.79287) for summer and winter balance and they are both statistically 
significant (P-value = 0.0007, P-value = 0.0002). However, there is a slightly greater 
correlation obtained by the annual and winter balance. By looking at Figure 12, the 
coefficient of determination is largely affected by a single value point which deviates 
from the rest, causing a weaker value. The summer balance has more dispersed 
value points and although the R2-values are rather similar, the conclusion is that the 
discrepancy between the two should be greater, with winter balance having a 
stronger coefficient. Considering this, the winter balance has a stronger correlation 
than summer and thus more influence on the annual mass balance. 
 The results from the degree-day model entails several uncertainties as the model 
only accounts for air temperature and precipitation. Therefore, confidence in the 
accuracy of the data are essential for the overall performance of the simulation 
model. As described in section 2.2, the automatic weather station (AWSlake) is 
situated about 500 meters from the glacier terminus and can only read precipitation 
during the summer months as the rain gauge becomes covered in snow during the 
winter. Because the reconstructed data are based on observations from the Mount 
Brewster measuring site, changing the location during a given period increases the 
chances of collecting values different from reality. Despite the few insecurities 
concerning the input data, the simulation is showing good overall performance and 
despite the weak (R2 = 0.30936) the model displays a result worth considering. 
 
5. Conclusions 

• The aim of this study was to reconstruct the mass balance of Brewster Glacier 
by using a simple degree-day model in order to assess its possibility to be 
considered a reliable approach to portray the glacier mass balance in further 
glaciological research. 

• The mean annual mass balance of Brewster Glacier has shown a downwards 
trend and decreased with 372 mm w.e. over the period 2005 – 2015. 

• The mean air temperature derived from the reconstructed atmospheric data 
from 1979 – 2015 displays a positive trend and has increased with 0.3 °C.  

• The mean precipitation has decreased with an average of 2.3 mm w.e. day-1. 
• Deviating results from the observed values can be explained by the 

uncertainties of the degree-day model and the reconstructed input data. 
• Expanding the mass balance record in the Southern Hemisphere is important 

to gain a global understanding of past and future climate change. 
• The degree-day model, given the results achieved, shows a good overall 

performance but differences still remain in some years. To account for the 
inaccurate disparities, a fully distributed energy balance model should be 
considered. 
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