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Visualizing Changes in Global Glacier Surface Mass 

Balance around 1990 
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* Correspondence: roger.braithwaite@manchester.ac.uk 

Abstract: Recent satellite measurements of glacier mass balance show mountain glaciers all over the 
world had generally negative mass balances in the first decades of the 21st century. Mean summer 
temperatures all over the world rose from 1961-90 to 1991-2020, implying increasingly negative 
mass balances. We study archived annual balances for 38 Northern Hemisphere glaciers to assess 
changes within in the 1961-2020 period. We use a modified double-mass curve to visualize mass 
balance changes occurring around 1990. Mean balances 1961-90 were already small negative for 
many of the studied glaciers and became even more negative in 1991-2020 for glaciers in the Alps, 
at high latitudes and in western North America. The largest mass balance changes are for some 
glaciers in the Alps. We are unable to explain the lack of change in mean balance for one glacier in 
High Mountain Asia. We find complex changes for eight glaciers in Scandinavia, even including 
one glacier with positive balance. We explain these changes by visualizing deviations of winter and 
summer balances from their respective 1961-90 mean values. High winter balances in the 1990s for 
Scandinavia partly obscured the emerging trend of increasingly negative summer balances, which 
we expect to continue in the future. 

Keywords: glaciers; mass balance; summer temperature; annual balance; winter balance; summer 
balance; climate; climate change; double-mass curve 

 

1. Introduction 

Mountain glaciers all over the world had generally negative mass balances in the first decades 
of the 21st century [1–6]. This conclusion is mainly based on results from satellite altimetry and/or 
gravimetry. Rising temperatures and the resulting increases in glacier melting [7,8] are the likely 
causes of these negative balances. For example, the 1991-2020 mean summer temperature (June-
August in the northern hemisphere) is warmer than the 1961-90 mean summer temperature (Figure 
1). The largest warming (1-2 °C) is in central Europe, including the Alps, the Mediterranean and in 
the Middle East, while temperature rises are 0-1 °C in other areas where glaciers occur. Glacier 
melting depends on summer temperatures [11,12], so Figure 1 supports the assertion that the negative 
mass balances of the early 21st century are due to rising temperature. 
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Figure 1. Global distribution of June-August temperature anomaly for 1991-2020 with respect to 1961-
90 base period. Adapted from [9,10]. 

Figure 1 Temperature map. Two-column? 
Concerns about possible increases in ice melting in Greenland and on mountain glaciers 

stimulated the development of models that could simulate increased melting before it happened or, 
at least, before it was clearly visible. We can trace this development of these models through [13–20]. 
These experiments suggest an order of magnitude variation in temperature-sensitivity from about -
0.2 to -2.0 m w.e. a-1 with smaller sensitivity for dry-continental environments and higher values for 
wet-maritime environments [16,21–23]. Summer-accumulation glaciers should be more sensitive 
than winter-accumulation glaciers [24], and there should be clear differences in model sensitivity 
between different regions, and even within regions (25]. To set the stage for the present paper, we 
quote some results from [25] who applied a degree-day model to median glacier elevations in seven 
different regions. For an assumed degree-day factor of 7 mm w.e. d-1 °C-1 for melting ice, they found 
average temperature-sensitivities of annual balance to be -0.20, -0.46, -0.81, -1.00 and -0.87 m w.e. °C-

1 respectively for glaciers in Axel Heiberg Island, Svalbard, northern Scandinavia, southern Norway, 
and the Alps. 

Aside from rising global sea levels, increased glacier melting will have profound effects on 
societies and environments close to the glaciers. It is therefore important to monitor ongoing glacier 
mass balance changes in different parts of the world, and to update earlier predictions of what might 
still happen in the future. These predictions should be published in scientific papers, and 
communicated to policymakers at the international, national, and regional levels of government. 

It is difficult to directly compare early 21st century measurements from satellites with late 20th 
century glacier mass balances because of the lack of global satellite coverage in the earlier period [1,2]. 
During the 20th century, surface mass balances were only available from arduous fieldwork on a few 
hundred individual glaciers [26–28] and most measured series were short and confined to only a few 
geographical regions. 

The present paper identifies changes that must have occurred in recent decades, e.g., since about 
1990, to turn mass balances from relatively close to zero for 1961-90 [26] to the highly negative 
balances of the early 21st century detected by the satellites [4,5]. However, we can only do this for the 
few glaciers with more-or-less complete mass balance records over the past six decades [12]. The 
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word ‘global’ in our title means that we looked through mass balance data from all over the world to 
find the few data that we could use for our purpose. 

2. Materials and Methods 

2.1. Observed glacier surface mass balance 

In the present paper we discuss data for glacier surface mass balance [29]. Braithwaite and 
Hughes [12] include an extensive and critical review of such data and we do not need to repeat this 
here, although a few comments are needed. 

Surface balances are measured at many points on the glacier using a network of stakes and 
snowpits, and the mass balance of the whole glacier is an average of these single-stake data. Such 
measurements require fieldwork in hostile and remote environments, and workers must avoid 
hazards like frost-bite, fatigue, altitude-sickness, sun-burn, avalanches, crevasses, glacier-outburst 
floods, melt streams and moulins. Surface balance measurements are only available from a few 
hundred glaciers. See Figure 1 in [12]. As an alternative to the laborious field work, mass balance can 
now be measured from satellites [29,30]. For example, average balances for periods in the early 21st 
century were determined by satellite altimetry [5] and by the Gravity Recovery and Climate 
Experiment (GRACE) [6]. These data are multi-year averages and are invaluable for monitoring 
glacier mass balance on a global scale, but such data cannot resolve inter-annual and seasonal 
changes, which are needed to understand changes in mass balance. 

We can trace the development of mass balance concepts and methods through Ahlmann [31], 
and [27–29] and [32–39]. The oldest ongoing series, of surface balance measurements were started in 
1946 on Storglaciären in northern Sweden [33], and similar programmes soon started elsewhere, 
partly guided by the International Hydrological Decade 1965-74 [37] 

The database of the World Glacier Monitoring Service (WGMS) [40] lists all known data for 
glacier surface mass balances. We encourage readers to browse the WGMS database [40] to check that 
their data are included. Figure 1 in [12] shows the length of mass balance records up to 2020 from 482 
glaciers in the WGMS database [40]. Two very long records are for Swiss rescue data [41,42] but most 
of the records are very short. For example, the mean length of the series is 13.6 years and median 
length is only 6 years. This shows that most mass balance studies run only for a few years on any 
individual glacier. The available data, therefore, may not well represent the full spectrum of glacier 
mass balance conditions in the world. 

Seasonal balances are available from some of the above glaciers, and we can write the mass 
balance equation [29] as: 𝐵𝑎,𝑡 =  𝐵𝑤,𝑡 + 𝐵𝑠,𝑡  (1) 

where 𝐵𝑎,𝑡  is annual balance in the year t, 𝐵𝑤,𝑡 is winter balance, and 𝐵𝑠,𝑡 is summer balance, 
all in units of m w.e. a-1. The latter balances are applicable if there is a definite winter season when 
most snow accumulation occurs, so the winter balance relates to the maximum transient balance at 
the end of the winter season [36]. This excludes summer-accumulation glaciers that are common in 
High Mountain Asia [24]. Glaciologists do not always measure winter and summer balances, even 
when applicable, for reasons of logistics and/or economy. 

Table 1 in [12] notes the greatly expanded network for 1961-2020 with more than half the 
available records (58%) in the last three decades 1991-2020. For the present study, therefore, we 
compare mass balances for the past two 30-year periods. 

2.2. Mass balance changes from 1961-90 to 1991-2020 

The change in annual balance between periods 1 and 2 is: ∆𝐵𝑎,2−1 =  𝐵̅𝑎,2 −  𝐵̅𝑎,1 (2) 
where the overbar denotes time-averages of annual balances 𝐵̅𝑎,2 and 𝐵̅𝑎,1 for periods 1 and 2. 

The mean annual balance in period 2 𝐵̅𝑎,2, according to Equations (1) and (2), results from changes 
in both winter ∆𝐵𝑤,2−1 and summer ∆𝐵𝑠,1−2 balances from period 1 to 2 according to: 𝐵̅𝑎,2 =  𝐵̅𝑎,1 + ∆𝐵𝑤,1−2 + ∆𝐵𝑠,1−2 + 𝑒𝑟𝑟𝑜𝑟 (3) 
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Although Equations (1) and (2) are exact, the error term in (3) is needed if winter and summer 
balances are available for slightly fewer years than annual balances. These errors are small for the 
glaciers considered in this study [12]. Equation (3) describes a conservation law for mass balance such 
that mean balances only change between periods when there are changes in winter and/or summer 
balances. You might measure mean balance 𝐵̅𝑎,2  for some glaciers for a period in the early 21st 
century but you cannot explain the result you get without knowing the other terms in Equation (3). 

For this study, we choose periods 1 and 2 to be 1961-90 and 1991-2020 respectively to fit the 
definition of climate reference periods from the World Meteorological Organization (WMO) [43]. We 
therefore need nearly complete mass balance records for each period. Figure 2 shows locations of the 
glaciers used in this study with data from the WGMS database [40]. The glaciers do not include any 
from Greenland, South America, Iceland, east Africa, southern Asia, or New Zealand because of 
shortness of records in those regions. Table A1 lists coordinates and periods of record for the chosen 
glaciers. This includes some updates to the data used for [12]. 

 

Figure 2. Figure 2 Locations of glaciers with nearly complete mass balance records for 1961-2020. Data 
from World Glacier Monitoring Service (WGMS) database [40]. 

Figure 2 Location map of glaciers 
Cite Table A1 here but suggest you type-set it as an appendix after the reference list 
Most of the series cover at least the full period 1961-2020 but some start after 1960/61. We allow 

a few years of ‘missing data’ at the start of records as there seems to be no strong trends in the 1961-90 
period, but we avoid missing data at the end of 1991-2020 because of the strong trend in that period 
for almost all glaciers. The graphical approach outlined below readily takes account of missing data 
at the start of records better than a list of numbers as in [12]. 

3. Results 

3.1. Using cumulative balance plots to visualize mass balance changes 

Mass balance data typically show large inter-annual variations [44], and we need to detect 
changes in mean balance against this background noise. Hydrologists and climatologists have long 
used double-mass-curves [45] to detect relative changes in mean values. A double-mass curve 
involves plotting cumulative sums of two variables against each other. Following Tangborn [46], we 
can plot cumulative mass balances against calendar year if we regard the latter as the cumulative 
sum of a time variable. 
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There are hundreds of cumulative balance plots in the published glacier literature, for example 
Figure 1 in [47], but Braithwaite and Hughes [11] introduced an important modification that we use 
here. Instead of starting each cumulative curve from zero in the year before the record starts, as in 
the conventional approach, we shift cumulative balance curves, so they are all zero for the year 1990. 
We choose 1990 so we can compare mass balances in the 1961-90 and 1991-2020 periods, but workers 
can choose other years to suit their purposes. 

Figure 3 Cumulative balance plots. Double column filling most of the page 

 

Figure 3. Cumulative balance plots for some model simulations (a), and for annual balances in the 
Alps (b), at high latitudes (c), in western North America (d), in High Mountain Asia (e) and in 
Scandinavia (f). See Section 3.1 for modified double-mass curve. All annual balance data are from the 
WGMS database [40]. 
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We show some cumulative balance plots in Figure 3a to illustrate the approach. These plots are 
based on three model scenarios with small balances (negative, constant, and positive) for 1961-90 
followed by linear trends of increasingly negative balances in 1991-2020. A downward-trending 
(upward-trending) segment in Figure 3a indicates an ever more negative (positive) mean balance, 
and a ‘flat’ segment indicates constant zero balance. The straight segments in 1961-90 are for constant 
mean balances in the simulations while the slightly concave curves in 1991-2020 reflect linear trends 
in mean balance. A step change in mass balance (not shown here) from one constant mean value to 
another would give two straight lines meeting in the year of change. Aside from adjusting cumulative 
balance curves to pass through zero in 1990, we plot curves in different graphs with the same scales 
on the x-y axes to help visualization, even if it leaves large blank areas in some graphs. 

With cumulative balance equal to zero in 1990 in Figure 3a, the cumulative balance in 1960 equals 
the 1961-90 mean balance multiplied by a factor of -30, and the value of cumulative balance in 2020 
equals the 1991-2020 mean balance multiplied by a factor of +30. With this interpretation, we can 
visualize changes in mean mass balance from one period to by comparing cumulative balances in 
1960 and 2020 respectively. For the three scenarios in Figure 3a, we can say simulated mass balances 
changed from small (negative, zero or positive) in the first period to strongly negative in the second 
period. 

3.2. Mass balance changes in five regions 

We plot cumulative balances in Figure 3b for 14 glaciers in the Alps (glaciers number 21 to 34 in 
Figure 2). In the case of missing data at the start of records we can easily estimate where the curves 
would cut the 1960 line. From the values of cumulative balances in 1960 and 2020 respectively, we 
visualize mean balances changing from moderate negative or small positive in 1961-90 to strongly 
negative in 1991-2020. The mildly concave curvature of the cumulative balance plots in 1991-2020 
shows a trend of increasing mean balances after the balance year 1979/80, which is consistent with 
the change in summer temperatures reported by [11,12]. 

We started our study with Alpine glaciers (Figure 3b) as they seem to change in a relatively 
simple way, all trending to increasingly negative balances after about 1980, but at varying rates. In 
[11] we suggest the latter reflects differing temperature-sensitivity to a similar temperature variation 
across the whole Alpine glacier cryosphere. We can now visually assess mass balance changes in 
other regions (Figure 3c,f) to compare with those for Alpine glaciers (Figure 3b). 

Figure 3c shows cumulative balances for six glaciers at high latitudes (glaciers 1 to 4, and glaciers 
11 and 12 in Figure 2). Although full data are only available for one glacier for 1960, we can see that 
mean balances changed from small negative in 1961-90 to moderately negative for 1991-2020. This is 
a much smaller change than for Alpine glaciers (Figure 3b) but consistent with models suggesting 
smaller temperature-sensitivity for high latitude glaciers [25], combined with smaller summer 
temperature changes at high latitudes than for Alpine glaciers [12]. 

Figure 3d shows cumulative balances for six glaciers in western North America (glaciers number 
5 to 10 in Figure 2). Two of the glaciers cover the full period 1961-2020 while four series started after 
1960. Mean balances change from small or moderately negative for 1961-90 to moderately or strongly 
negative in 1991-2020. The range in 2020 cumulative balances is narrower than for Alpine glaciers 
(Figure 3b), and changes in mass balance from 1961-90 to 1991-2020 are generally smaller. Curiously, 
the 2020 cumulative balances for western North America fall into two groups: (1) Lemon Creek, Peyto 
and Place; (2) Gulkana, South Cascade and Wolverine. This grouping is difficult to explain in simple 
geographical terms and needs more research. 

Figure 3e shows cumulative balances for four glaciers in High Mountain Asia (glaciers number 
35 to 38 in Figure 1). The visual impression from Figure 3e is of small changes of mean mass balance 
for three of the glaciers, suggesting low temperature-sensitivity of mass balance. However, there is 
very little or no change in mean mass balance between the two periods for Ts. Tuyuksuyskiy despite 
a rise in temperature [12]. We cannot explain this. 

Figure 3f shows cumulative balances for eight glaciers in Scandinavia (glacier numbers 13 to 20 
in Figure 2). Seven are from Norway and one from northern Sweden (Norwegian and Swedish data 
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are seldom plotted on the same graph). Readers can compare Figure 3f with Figure 1.5 in [47] to see 
which format they prefer. Cumulative balances for 1960 are within the range small negative to small 
positive, and cumulative balances for 2020 are moderately negative for four of the glaciers, small 
negative for three glaciers and even positive for one glacier. The latter is an astonishing result, and 
we discuss this ‘Scandinavian anomaly’ in the following section. 

3.4. The ‘Scandinavian anomaly’ 

Figure 3f shows surprisingly small mass balance changes from 1961-90 to 1991-2020 despite a 
rise of about 0.7 °C in summer temperature over the same period [12]. Modelling studies of mass 
balance variations generally agree that annual balance is correlated with both summer temperature 
and some kind of precipitation variable [48], and we therefore try to explain this apparent anomaly 
by looking at variations in winter and summer balances. As winter and summer balances each have 
positive and negative magnitudes of several m w.e. a-1 respectively, cumulative balances would plot 
off the scales used for Figure 3a–f. We avoid this by plotting deviations from the respective mean 
balances for 1961-90. Equation (4) defines the winter balance deviation from the 1961-90 mean for 
winter balance: 𝐵𝑤,𝑡∗ =  𝐵𝑤,𝑡 −  𝐵̅𝑤,1961−90 (4) 

and we define deviations of annual and summer balances in a similar way. 
We re-plot cumulative annual balances for the eight Scandinavian glaciers in Figure 4a using a 

more appropriate scale for the vertical axis. We also mark the three most continental glaciers, 
Gråsubreen, Hellstugubreen and Storbreen according to [47] with dotted lines. With this 
modification, the mystery of Scandinavian glaciers deepens. The three most continental glaciers have 
greatest negative cumulative balances for 2020 but the most maritime glacier (Ålfotbreen) has next 
most negative cumulative balance, and another maritime glacier (Nigardsbeen) even has a positive 
cumulative balance for 2020. This Scandinavian anomaly cannot be explained simply in terms of 
differences between maritime and continental glaciers. 
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Figure 4. Cumulative plots for annual balance (a), balance deviation (b), winter balance deviation (c) 
and summer balance deviation (d) for eight glaciers in Scandinavia. See Section 3.1 for modified 
double-mass curve. All balance data are from the WGMS database [40]. 

We plot cumulative balance deviations for the eight glaciers in Figure 4b. The difference between 
this plot and the previous one (Figure 4a) is due to elimination of the legacy effect of 1961-90 balances. 
The maritime glacier Ålfotbreen has a strongly negative cumulative balance deviation in 2020, 
followed by the continental glacier Storbreen. The other two continental glaciers have moderately 
negative cumulative balance deviations. A notable feature of the plots in Figure 4b is that cumulative 
balance deviations have positive excursions in the early 1990s, which are followed by downward 
trends from the late 1990s. Ålfotbreen has the highest of the positive cumulative balance deviations 
in the early 1990s. If it were not for this, the cumulative balance deviation for Ålfotbreen in 2020 
would be about 5 m w.e. more negative than it is. 

Figure 4c,d show plots of cumulative winter and summer balance deviations respectively. There 
are only small trends to increased winter balances (Figure 4c) in 1991-2020 but there are high winter 
balance excursions in the early 1990s, due to a clustering of years with high winter balance. These 
continue for the whole period 1991-2020 for Ålfotbreen and Nigardsbeen, while the three continental 
glaciers show a small net decrease in winter balance by 2020. Figure 4d shows that summer balances 
for all Scandinavian glaciers became more negative from the late 1990s onwards. The summer balance 
deviations in the early 1990s were probably positive due to the less efficient melting of increased 
snow cover compared with melting of bare ice [49]. The increased snow cover can, in turn, be 
attributed to high positive indices for the North Atlantic Oscillation (NAO) or Arctic Oscillation (AO) 
[50]. 

Comparing summer balance deviations (Figure 4d) and winter balance deviations (Figure 4c) 
with annual balance deviations (Figure 4b) suggests that the latter are mainly explainable by 
variations in summer balance, modified to some extent by smaller variations in winter balance. The 
plots in Figure 4d are consistent with increased melting for all eight glaciers from the early 1990s 
onwards, which was partly offset by a short-term increase in winter balance that was large enough 
to mask what were then small increases in melting. Further research is needed to completely explain 
the differing temperature-sensitivities of these eight Scandinavian glaciers but balance deviations for 
these glaciers will probably become increasingly negative as summer temperature continues to rise 
above the level of winter balance fluctuations. 

4. Discussion 

Figure 3b–f show two anomalies compared with Alpine glaciers. We cannot explain the apparent 
anomaly for Ts. Tuyuksuyskiy (Figure 3e) but there are several groups active in the area who may be 
able to do this. For example, we only consider long series of measured surface balance to detect 
balances changes within the 1961-2020 period, and sparsity of early mass balance measurements 
limits our approach to only a few glaciers. Better geographical coverage including glaciers of various 
types [51] is needed. Workers on Asian glaciers might combine available short series of surface 
balance measurements with satellite measurements, and with glacier-climate modelling to detect 
1961-2020 changes. For example, mass balance measurements started on some glaciers in the former 
USSR around 1957 [52] and continued to about 1990. Combining these early mass balance data with 
recent satellite imagery may give the desired changes for the six decades 1961-2020. 

The anomaly for Scandinavian glaciers (Figure 3f) probably results from variations in winter 
balance (Figure 3c) partly masking the effect of rising temperature on summer balance (Figure 3d). 
Winter balances on some Scandinavian glaciers are very high compared with other glaciers in Table 
A.1, and they also have very high year-to-year variations [42] For example, the standard deviations 
of winter balance for maritime glaciers like Ålfotbreen, Engabreen and Nigardsbeen are about ±0.5 
to ±1.0 m w.e. a-1 while standard deviations for glaciers in the Alps are only ±0.2 to ±0.6 m w.e. a-1. 
The increasingly negative tendency due to rising summer temperatures will be further reinforced if 
winter balances decrease substantially in the future. 
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Our modification of the double-mass curve for easy visualization of long-term variations in 
glacier mass balance is quite effective but limited in use by the rarity of long mass balance records. 
The approach can be modified to suit circumstances. For example, there are many mass balance 
records in western North America starting in the 1980s [53] and their 2020 cumulative balances 
(relative to zero in 1990) could be compared with the few cases covering the full period in Figure 2d. 
Similar modifications could be made for South American and Icelandic glaciers with shorter mass 
balance records. 

Our emphasis on long records of mass balance data means most of our data comes from Europe 
and North America. We encourage glaciologists in other areas to continue, or even expand, mass 
balance measurements for their own purposes and to serve their communities, and to develop 
methods more suited to short mass balance series. 

5. Conclusions 

The modification of the double-mass curve commonly used in studies of glacier mass balance is 
effective in visualizing changes in mass balance. Applying the approach to the few glaciers with 
nearly complete data for 1961-2020 shows that average annual balances generally changed from small 
(negative or positive) to increasingly negative after the 1980s or 1990s. One exception to this is in 
High Mountain Asia, which we cannot explain, but an apparent exception in Scandinavia (eight 
glaciers) is resolved by visualization of winter and summer balances rather than just annual balances. 
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Appendix A 

Table A1. Latitude and longitude of 38 glaciers with nearly complete annual balance data for 
1961-2020. WGMS is the reference number in the World Glacier Monitoring System (WGMS) database 
[40] Bw denotes availability of winter balance data for the glacier; Start and End denote start and end 
of the annual balance record. 

Glacier name WGMS Country Lat. Long. Bw Start End 
   (° N) (° E) (Y/N) (a) (a) 

Meighen Ice Cap 16 Canada 79.9 -99.1 Y 1960 2022 
White Glacier 1 Canada 79.5 -90.9 N 1960 2022 

Devon Ice Cap NW 39 Canada 75.4 -83.3 Y 1961 2022 
Melville Ice Cap 3690 Canada 75.4 -115.0 N 1963 2022 

Gulkana 90 USA 63.3 -145.4 Y 1966 2022 
Wolverine 94 USA 60.4 -148.9 Y 1966 202 

Lemon Creek 3334 USA 58.4 -134.3 N 1953 2022 
Peyto 57 Canada 51.7 -116.5 Y 1966 2022 
Place 41 Canada 50.4 -122.6 Y 1965 2022 

South Cascade 205 USA 48.3 -121.0 Y 1953 2022 
Aust. Brøggerbreen 292 Svalbard 78.9 11.8 Y 1967 2022 
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Midtre Løvenbreen 291 Svalbard 78.9 12.0 Y 1968 2022 
Ålfotbreen 317 Norway 61.8 5.7 Y 1963 2022 
Engabreen 298 Norway 66.7 13.9 Y 1970 2021 
Gråsubreen 299 Norway 61.7 6.6 Y 1962 2021 

Hellstugubreen 300 Norway 61.6 8.4 Y 1962 2021 
Nigardsbreen 290 Norway 61.7 7.1 Y 1962 2022 

Rembesdal 2296 Norway 60.5 7.4 Y 1963 2022 
Storbreen 302 Norway 61.6 8.1 Y 1949 2021 

Storglaciären 332 Sweden 67.9 18.5 Y 1946 2022 
Allalin 394 Switzerland 46.0 7.9 Y 1956 2022 
Careser 635 Italy 46.5 10.7 N 1967 2022 
Clariden 260 Switzerland 46.8 8.9 Y 1915 2021 

Gietro 367 Switzerland 46.0 7.4 Y 1967 2022 
Gries 359 Switzerland 46.4 8.3 Y 1962 2022 

Hintereis 491 Austria 46.8 10.8 N 1953 2022 
Hohlaub 3332 Switzerland 46.1 7.9 Y 1957 2021 

Kesselwand 507 Austria 46.8 10.8 N 1953 2022 
Sarennes 357 France 45.1 6.1 Y 1949 2022 

Schwarzberg 395 Switzerland 46.0 7.9 Y 1956 2021 
Silvretta 408 Switzerland 46.8 10.1 Y 1919 2022 

St. Sonnblick 573 Austria 47.1 12.5 N 1957 2021 
Saint Sorlin 356 France 45.2 6.2 N 1957 2022 

Vernagt 489 Austria 46.9 10.8 Y 1965 2022 
Djankuat 726 Russia 43.2 42.8 Y 1968 2022 

Maliy Aktru 795 Russia 50.0 87.7 N 1962 2012 
Urumqi No. 1 853 China 43.1 86.8 N 1959 2022 

Ts. Tuyuksuyskiy 817 Kazakhstan 43.0 77.1 Y 1957 2022 

References 

1. Zemp M, Frey H, Gärtner-Roer I, Nussbaumer SU, Hoelzle M, Paul F, et al. Historically unprecedented 
global glacier decline in the early 21st century. Journal of Glaciology. 2015;61(228):745–62. 
doi:10.3189/2015JoG15J017 

2. Zemp M and 13 others. Global glacier mass changes and their contributions to sea-level rise from 1961 to 
2016. Nature 2019 568, 18 April 2011. 

3. Marzeion B, Kaser G, Maussion F and Champollion. Limited influence of climate change mitigation on 
short-term glacier mass loss. Nature Climate Change 2018, 8, 305-308, doi: 10.1038,s41558-018-00 

4. Wouters B, Gardner AS and Moholdt G. Global glacier mass loss during the GRACE satellite mission (2002-
2016). Frontiers in Earth Science 2019. 7:96. doi: 10.3389/feart.2019.00096 

5. Hugonnet, R and 11 others. Accelerated global glacier mass loss in the early twenty-first century, Nature 
2021, 592, 726–731, https://doi.org/10.1038/s41586-021-03436-z. 

6. Thomson L, Brun F, Braun M, and Zemp M. Editorial: observational assessments of glacier mass changes 
at regional and global level. 2021. Frontiers in Earth Science| https://doi org/10 3389/feart 2020 641710 

7. Hansen JE and 6 others. Climatic impact of increasing atmospheric carbon dioxide. Science. 1981. 213, 4511. 
8. National Research Council. Glaciers, Ice Sheets, and Sea Level: Effect of a CO2-Induced Climatic Change. 

1985. Washington, DC: The National Academies Press https://doi org/10 17226/19278 
9. Lenssen N, Schmidt G, Hansen J, Menne M, Persin A, Ruedy R, and Zyss D (2019) Improvements in the 

GISTEMP uncertainty model. J. Geophys. Res. Atmos., 124, no. 12, 6307-6326, doi:10.1029/2018JD029522 
10. GISTEMP Team. GISS Surface temperature analysis (GISTEMP), version 4. NASA Goddard Institute for 

Space Studies, Availkable at https://data,giss.nasa.gov/gistemp/maps/ (Assessed 25/10/20923). 
11. Braithwaite RJ, Hughes PD. Positive degree-day sums in the Alps: a direct link between glacier melt and 

international climate policy. Journal of Glaciology. 2022;68(271):901–11. doi:10.1017/jog.2021.140 
12. Braithwaite RJ, Hughes PD. Changes in surface mass balance and summer temperature from 1961–1990 to 

1991–2020 for 37 glaciers with long records. Annals of Glaciology. 2023;1–8. doi:10.1017/aog.2023.54 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2024                   doi:10.20944/preprints202402.0644.v1

https://doi.org/10.20944/preprints202402.0644.v1


 11 

 

13. Ambach, W; Kuhn M. Accumulation gradients in Greenland and mass balance response to climatic 
changes. Zeitschrift für Gletscherkunde und Glazialgeologie.1985, 21, 1, 311-317 

14. Oerlemans J, Hoogendoorn NC. Mass-Balance Gradients and Climatic Change. Journal of Glaciology. 
1989;35(121):399–405. doi:10.3189/S0022143000009333 

15. Braithwaite RJ, Olesen OB. Increased Ablation at the Margin of the Greenland Ice Sheet under a 
Greenhouse-Effect Climate. Annals of Glaciology. 1990;14:20–2. doi:10.3189/S0260305500008181 

16. Oerlemans J and Fortuin JPF. Sensitivity of glaciers and small ice caps to Greenhouse warming. Science 
1992. 258, 115-117 

17. Oerlemans J. Modelling of glacier mass balance. In W R Peltier (ed) Ice in the climate system. NATO ASI 
Series 1993. 112 Berlin Heidelberg: Springer 

18. Braithwaite RJ and Zhang Y. Modelling changes in glacier mass balance that might occur as a result of 
climate changes. Geografiska Annaler 1999 81A, 4, 489-496, ISSN 0435-3676 

19. Braithwaite RJ, Zhang Y. Sensitivity of mass balance of five Swiss glaciers to temperature changes assessed 
by tuning a degree-day model. Journal of Glaciology. 2000;46(152):7–14. doi:10.3189/172756500781833511 

20. Kuhn M. Verification of a hydrometeorological model of glacierized basins. Annals of Glaciology. 
2000;31:15–8. doi:10.3189/172756400781820228 

21. Braithwaite, R J, Zhang Y and Raper S C B. Temperature sensitivity of the mass balance of mountain glaciers 
and ice caps as a climatological characteristic. Zeitschrift für Gletscherkunde und Glazialgeologie 2003. 38, 
1(2002), 35-61 

22. de Woul M, Hock R. Static mass-balance sensitivity of Arctic glaciers and ice caps using a degree-day 
approach. Annals of Glaciology. 2005;42:217–24. doi:10.3189/172756405781813096 

23. Anderson B, Mackintosh A, Stumm D, George L, Kerr T, Winter-Billington A, et al. Climate sensitivity of a 
high-precipitation glacier in New Zealand. Journal of Glaciology. 2010;56(195):114–28. 
doi:10.3189/002214310791190929 

24. Sakai A and Fujita K. Contrasting glacier responses to recent climate change in high-mountain Asia. Nature 
Scientific Reports 2017. 7:13717, doi: 10 1038/s41598-017-14256-5 

25. Braithwaite RJ, Raper SCB. Glaciological conditions in seven contrasting regions estimated with the degree-
day model. Annals of Glaciology. 2007;46:297–302. doi:10.3189/172756407782871206 

26. Cogley JG, Adams WP. Mass balance of glaciers other than the ice sheets. Journal of Glaciology. 
1998;44(147):315–25. doi:10.3189/S0022143000002641 

27. Braithwaite, RJ. Glacier mass balance: The first 50 years of international monitoring, Progress in Physical 
Geography 2002, 26, 76–95, https://doi.org/10.1191/0309133302pp326ra 

28. Kaser G, Fountain A and Jansson P. A manual for monitoring the mass balance of mountain glaciers. IHP-
VI Technial Socuments in Gydrology 2003 59. UNESCO Paris 

29. Cogley JG and 10 others. Glossary of glacier mass balance terms and related terms (IHP-VII Technical 
Documents in Hydrology No 86, 2011. IACS Contribution No 2) UNESCO-International Hydrological 
Programme, Paris 

30. Raup BH, Andreassen LM, Bolch T and Bevan S. Remote sensing of glaciers. P. 123-155 in M Tedesco (ed) 
Remote Sensing of the Cryoshere 2015. John Wiley & Sons. 

31. Ahlmann, HW. Glaciological research on the North Atlantic coasts. Research Series 1. Royal Geographical 
Society: London UK, 1948 

32. Meier MF. Proposed Definitions for Glacier Mass Budget Terms. Journal of Glaciology. 1962;4(33):252–63. 
doi:.3189/S0022143000027544 

33. Schytt V. Mass Balance Studies in Kebnekajse. Journal of Glaciology. 1962;4(33):281–8. 
doi:10.3189/S002214300002757X 

34. Glen JW. Variations of the Regime of Existing Glaciers. Journal of Glaciology. 1963;4(34):485–8. 
doi:10.3189/S0022143000027933 

35. Østrem, G. and Stanley, A. Glacier mass-balance measurements –a manual for field and office work 1969, 
, National Hydrology Research Institute, Report 4, Canada 

36. Anonymous. Mass-Balance Terms. Journal of Glaciology. 1969;8(52):3–7. doi:10.3189/S0022143000020736 
37. Hoinkes H. Methoden und Möglichkeiten von Massenhaushaltsstudien auf Gletschern: Ergebnisse des 

Messreihe Hintereisferner (Ötztaler Alpen) 1953-68. Zeitschrift für Gletscherkunde und Glazialgeologie 
1970. 6, 1-2, 37-89 

38. Østrem G and Brugman M. Glacier mass-balance measurements. A manual for field and office work. 1991. 
National Hydrology Research Institute, Scientific Report No. 4. Environment Canada, NHRI., Saskatoon 
and Norwegian Water Resources and Energy Directorate, Oslo, 224pp.36 

39. Meier MF. UNESCO/IASH Technical Papers in Hydrology. Journal of Glaciology. 1970;9(57):405–6. 
doi:10.3189/S0022143000022954 

40. WGMS. Fluctuations of Glaciers Database. World Glacier Monitoring Service (WGMS), Zurich, 
Switzerland. https://doi.org/10.5904/wgms-fog-2023-09 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2024                   doi:10.20944/preprints202402.0644.v1

https://doi.org/10.20944/preprints202402.0644.v1


 12 

 

41. Huss M, Bauder A, Linsbauer A, Gabbi J, Kappenberger G, Steinegger U, et al. More than a century of direct 
glacier mass-balance observations on Claridenfirn, Switzerland. Journal of Glaciology. 2021;67(264):697–
713. doi:10.1017/jog.2021.22 

42. Geibel L, Huss M, Kurzböck C, Hodel, E, Bauder A, and Farinotti D. Rescue and homogenization of 140 
years of glacier mass balance data in Switzerland, Earth System Science Data. 2022, 14, 3293–3312, 
https://doi.org/10.5194/essd-14-3293-2022, 2022. 

43. WMO (2017). WMO guidelines on the calculation of climate normal. WMO Report 1203, 2017 edition. 
World Meteolorological Organization Switzerland, Geneva 

44. Braithwaite, RJ and Hughes, PD. Regional geography of glacier mass balance variability over seven 
decades 1946–2015. Frontiers of Earth Science 2020 8(302). doi: 10.3389/feart.2020.00302 

45. Searcy, J.K. and C.H. Hardison. Double-mass curves. 1969. Geological Survey Water-Supply Paper 1541-B. 
U,S, Geological Survey: Washington DC. 

46. Tangborn W. Two Models for Estimating Climate‒Glacier Relationships in the North Cascades, 
Washington, U.S.A. Journal of Glaciology. 1980;25(91):3–22. doi:10.3189/S0022143000010248 

47. Kjøllmoen, B, LM Andreassen, H. Elvehøv, K Melvold. Glaciological investigations in Norway 2020. NVE 
Rapport 31 2021. Norwegian Water Resources and Energy Directorate, Oslo 

48. Liestøl O. Storbreen Glacier in Jotunheimen, Norway. Norsk Polarinstitutt Skrifter 1967 141 
49. Braithwaite RJ. Herfried Hoinkes: pioneer of degree-day methods to calculate glacier mass-balance from 

air temperature. Zeitschrift für Gletscherkunde und Glazialgeologie 2015, 47/48, 147-165 
50. Andreassen LM, Elvehøy H, Kjøllmoen B, Belart JMC. Glacier change in Norway since the 1960s – an 

overview of mass balance, area, length and surface elevation changes. Journal of Glaciology. 
2020;66(256):313–28. doi:10.1017/jog.2020.10 

51. Lai Z and Huang M (1989) A numerical classification of glaciers in China by means of glaciological indices 
at the equilibrium line. IAHS Publication 183, 103-111 

52. Grosval’d MG, Kotlyakov VM. Present-Day Glaciers in the U.S.S.R. and Some Data on their Mass Balance. 
Journal of Glaciology. 1969;8(52):9–22. doi:10.3189/S0022143000020748 

53. Pelto MS (2018) How Unusual Was 2015 in the 1984–2015 Period of the North Cascade Glacier Annual Mass 
Balance? Water 2018, 10(5),-543 https://doi.org/10.3390/w10050543 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2024                   doi:10.20944/preprints202402.0644.v1

https://doi.org/10.20944/preprints202402.0644.v1

