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Abstract 

The temperature of meltwater emerging from the portal of an alpine glacier is usually 

around 1°C, irrespective of discharge, but warming with distance downstream is influenced 

by both flow as well as the availability of heat energy. Warmer conditions lead to greater 

energy availability but also to enhanced icemelt and hence larger quantities of water in 

proglacial streams. The greater the discharge, the higher the velocity at which meltwater 

flows and hence the shorter the time available for water to be heated over a fixed distance 

from the portal. At the diurnal timescale, water temperature rises in the morning before 

reducing as the amount of water flowing increases in early afternoon. Initially, increasing 

energy availability is adequate to raise water temperature but fails to keep pace with the 

rising volume of water in the channel. As a consequence, water temperature declines with 

continuing increase in discharge. At the seasonal timescale, ice-melt contributions to runoff 

suppress water temperatures in summer after a spring maximum, giving a distinctive 

seasonal temperature regime in rivers draining from highly glacierised basins. Highest water 

temperatures occur at relatively low flows in April and May and then subsequently as 

icemelt discharge increases with higher air temperatures and rising transient snow line, 

water temperatures decrease, mean monthly water temperatures being maintained at 

about the same level between July and September. A paradox appears therefore in that 

when solar radiation and air temperatures are high, stream water temperatures are often 

reduced. On warm days, the temperature of the tongue of cool water extending 

downstream from the glacier portal can be lower and the length of the cool plume longer. 

Records of water temperature and discharge from rivers draining from two large Alpine 

valley glaciers in Wallis, Switzerland have been examined. Data for the Massa, draining from 

Grosser Aletschgletscher throughout the period 2003-2011 have been analysed, and similar 

hourly measurements were undertaken in summer months on the Gornera, draining from 

Gornergletscher, both series being obtained close to the glacier termini. As air temperatures 

continue to warm, this paradox suggests that water temperatures in glacier-fed streams will 

cool before warming as the deglaciation discharge dividend first increases runoff before 

subsequent decline. This evolutionary pattern of flow and temperature development can be 

approached using modelling. Different approaches to modelling are analysed and 

recommendations made to develop a simple temperature index runoff model, coupled with 

a deterministic model to predict water temperature. 
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1. Introduction 

 

Glaciers are regarded as sensitive indicators of climatic variability in high mountain regions 

(Oerlemans, 1994). Glaciers in high mountain regions across the globe have been in a 

general state of recession since the Little Ice Age maximum glacier extent (~1850). The 

process of deglaciation has accelerated since the 1980s as air temperatures have risen and 

precipitation levels decreased (Barry, 2006). Likely continuous rises in temperature with 

time impacts on discharge regime and quantity of flow in rivers issuing from highly 

glacierised basins. Such potential changes are highly important to hydro power installations, 

irrigation schemes and water resource management. In high mountain regions, such as, the 

European Alps, 50% of Switzerland's electricity comes from hydro power (Hanggi and 

Weingartner, 2012; Farinotti et al., 2011). 

 

Warmer air temperatures and potentially high discharges will affect water temperature in 

mountain streams. Water temperature will be a key indicator of the effects of climatic 

change on river habitats (Brown et al., 2007). Glacially fed streams are extremely sensitive 

to climate change. All mountain glaciers in the world are currently being subjected to 

changing climate, and are experiencing varying levels of melting and generate differing run-

off responses (IPCC, 2007). Enhanced levels of melting on glaciers directly affects volumes of 

discharge entering streams issuing from the ice mass. Increasing air temperatures 

accompanied by increasing volume of flow directly influences potential positive or negative 

temperature changes.  

 

Water temperature plays an important role in aquatic ecosystem function (Brown et al., 

2007) , there has been growing interest in addressing potential impacts of climate change 

on water temperature (Caissie, 2006; Fleming, 2005; Hannah et al., 2007; Hari et al., 2006). 

Water temperature directly affects biotic life in streams through control of energy flow, 

aquatic organisms metabolic rate and their productivity. Changes in water temperature play 

a critical role in aquatic ecosystems. The behaviour of cold water fish species has been 

linked to water temperature (Hari et al., 2006). Any perturbation of the thermal regime of a 

stream can significantly impact fish habitat (Caissie et al, 1998). High mountain catchments 
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are particularly sensitive to water temperature changes because timing, magnitude and 

duration of runoff contributions from snowmelt, ice-melt, groundwater and rainfall are 

closely linked to climatic variability (Hannah et al, 1999, McGregor et al, 1995). 

 

Glaciers moderate flow and decrease year-to-year and month-to-month variation in runoff 

(Fountain and Tangborn, 1985). In warm, sunny and dry weather at mid-latitudes, increased 

glacial melt compensates for lack of rain, whereas in cool, rainy or snowy weather, glacial 

melt decreases (Hock, 2005). This moderating influence was found to be significant in basins 

with greater than 20% glacier cover. In basins with less than 20% glacier cover, there was no 

difference in runoff variation from neighbouring basins which receive only snow cover 

(nival) (Fountain and Tangborn, 1985). Due to storage processes in glaciers, annual peak 

flow from glacial basins is delayed relative to nearby basins without glaciers (Fountain and 

Walder, 1998). 

 

Stream temperature is a key indicator of source of flow to a river channel in high mountain 

areas. In nival basins, radiation has a major impact on stream temperature. This is clearly 

illustrated when examining water temperature change in regions of streams which are 

exposed to solar radiation and those which are shaded by riparian cover (Larson and Larson, 

1996). It would be logical to believe that the same is true in glaciated Alpine basins. 

However, it is apparent, from previous studies into high mountain water temperatures 

(Cadbury et al., 2008; Uehlinger et al, 2003; Collins, 2009; Fellman et al., 2013), that as 

radiation levels and air temperature increase at a seasonal level, stream water temperature 

remains low with little deviation from the mean  in highly glacierised basins. This paradox 

should be deemed worthy of further analysis.  In nival basins stream water is exposed to 

solar radiation and rises in stream water temperature are observed as radiation levels and 

air temperature increase (Collins, 2008). Within glaciated basins, however, as solar radiation 

levels increase so does the rate of melting of ice in the ablation area (Verbunt et al, 2003). 

The melting of ice releases melt water at a temperature close to 0°C, which affects the 

water temperature, creating an inverse relationship in which, when radiation levels are at 

their peak stream temperature remains low (Figure 1.1). Hydrological models predict that 

glacial retreat may result in an initial increase in annual flow. However, prolonged glacier 

retreat will alter hydrological regime to that of a nival stream, where streams warm and 
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flow decreases as glacier and snowpack sources diminish (Fleming and Clarke, 2005; Stahl 

and Moore, 2006). Changes in glacier volume that result in declining summer flows could 

therefore have substantial hydroecological effects, especially for stream temperature (Hood 

and Berner, 2009). 

 

Volume of flow in a river channel is an important factor affecting variations in stream water 

temperature. Radiation levels have a significantly lesser impact upon streams carrying a 

large amount of water (Rothlisberger and Lang, 1987). Larger volumes of melt water lead to 

a greater discharge, increased velocity, which therefore reduces the time that the water is 

able to interact with the environment (Brown et al, 2006b). The temperature of water 

entering a river channel is important to the general water temperature downstream, 

however not as influential as the starting temperature. Water entering the channel at a 

differing temperature from that which is already flowing within the channel is likely to have 

some effect upon the temperature. However, this relates to the ratio of the waters entering 

the channel to those which are already in the channel (Collins, 1979), if only a small quantity 

of flow enters the channel then it is unlikely to have any effect on stream temperature. An 

initial shift from positive or neutral glacier mass balance to negative glacier mass balance, 

melt water generation will increase due to the earlier disappearance of snowpack and the 

exposure of firn and/or ice, as well as the effects of increased energy inputs (Stahl et al., 

2007). However, this initial increase in glacier runoff is unsustainable in the long term 

because glacier recession decreases glacier area sufficiently to reduce meltwater volumes. 
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Figure 1.1 Flow chart of paradoxical relationship between air and water temperatures in 

streams draining large glaciers in high mountain regions 

 

 
There are annual and diurnal variations of discharge in pro-glacial streams characterised by 

a lag between air temperatures and discharge (Brown et al, 2006a). Winter flow is minimal 

due to the lack of melting and precipitation falling as snow and not melting. The flow in 

winter is in the form of groundwater which is held within the rocks and sediments at 

temperatures above freezing (Ward et al, 1999). Spring flow produces large volumes of 

water, dominated by melting snow pack and exposed glacial ice. Summer flow is dominated 

by a strong diurnal signal from glacier ice melt, as the transient snowline has progressed to a 

greater altitude exposing large portions of the glacier. The transient snowline is the lowest 

Warmer air temperatures 

Increased meltwater 
generation 

Increased water volume 
to heat, offsetting 

warmer air temperatures 

Cooler water 
temperatures at highest 

air temperatures 
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altitude of permanent snowpack, and throughout the ablation season the snowline 

increases with altitude (Jansson et al, 2003). The late summer months are often seen to 

have the greatest flow despite not coinciding with the period of greatest radiation. Ice melt 

brings large amounts of sediment suspended into the channel. This sediment increases the 

turbidity of the stream water, reducing transparency (Rothlisberger and Lang, 1987). 

Turbidity is important as it restricts percolation of sunlight into the depths of the stream and 

raises stream albedo, hence reducing the rate at which water heats up and maintaining the 

low water temperature (Richards and Moore, 2011).  

 

Diurnal patterns in highly glacierised basins are characterised by lagged peak events 

between discharge and air and water temperatures (Figure 1.2). rises in air temperature 

cause immediate response in water temperatures, as incoming solar radiation reaches the 

water surface. Increases in discharge are lagged to changes in air temperature, as meltwater 

generation takes place upstream on the glacier, with flow passing through the basal 

drainage network before entering the proglacial stream (Rothlisberger and Lang, 1987). 

Discharge continues increasing to the point where it dominates air temperature as the 

primary controlling factor of water temperature and as a consequence water temperature 

peaks before air temperature and discharge. Discharge is further lagged to air temperature, 

due to the previously explained relationship. However, as the basal drainage network 

develops over an ablation season,  the lag becomes less pronounced as water is delivered 

more efficiently to into the proglacial environment. 
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Figure 1.2 Schematic plot of diurnal patterns of air temperature (T), water temperature 

(WT) and discharge (Q) in a highly glacierised basin during the ablation season 
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The most rigorous approach to predicting the effects of environmental change on stream 

temperature is through the use of physically based models that simulate the stream heat 

budget (Richards and Moore, 2011). Modelling of stream water temperatures has advanced 

significantly over the past twenty years, with a number of different approaches applied for 

various situations. However, alpine stream water temperature remains an area where 

further experimentation is required due to its paradoxical nature with other water courses. 

In mountain basins there exist undefined spatial boundaries, environmental processes and 

micro-climates, which all tend to make modelling seasonal discharge complex, inaccurate 

and error prone (Nash and Sutcliffe, 1970). Modelling can be approached through many 

different avenues, of type (stochastic, deterministic or statistical) or length (diurnal, weekly, 

monthly or annually); little research has been undertaken into diurnal modelling within 

alpine glaciated catchments. Using a glacial temperature index runoff model in conjunction 

with a proven stream temperature model, simulations of conditions found throughout 

glacial ablation seasons ought to allow for a much improved understanding of the effects 

from future climatic changes. 

 

The impact of an altering climate should initially strengthen the paradox between solar 

radiation levels/ air temperatures and pro-glacial stream temperature. A warming climate 

ought systematically to increase energy availability for raising the water temperature faster 

than previous but also increase the rate of run-off generated by glaciers and increase 

discharge levels. This situation is known to be unsustainable, as it leads to reduction in 

glacier area and therefore a drop in runoff levels. By assessing the validity of modelling in 

glacial systems, will allow for future situations under a warming climate and reduced glacier 

size to be hypothesised. Modelled data can be calibrated using previously recorded data. 
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1.1 Study area & basin characteristics 

 

Measurements were taken from the gauging station positioned on the Gornera River, the 

only pro-glacial stream draining from the snout of the Gornergletscher, Switzerland. 

Gornergletscher is situated at 45° 57 °N latitude, 7 °46 °E longitude with a North-West 

exposition, in the Pennine Alps, Canton Wallis. It is recognised as the second largest glacier 

ǿƛǘƘƛƴ ǘƘŜ {ǿƛǎǎ !ƭǇǎ ŀƴŘ ǿƛǘƘ ŀ ƳŀȄƛƳǳƳ ǘƘƛŎƪƴŜǎǎ ƻŦ прлƳΦ DƻǊƴŜǊƎƭŜǘǎŎƘŜǊΩǎ ǘǊƛōǳǘŀǊƛŜǎ 

are Grenzgletscher, Zweillingsgletscher, Schwarzgletscher, and Breithorngletscher. 

Theodulgletscher and Monte Rosagletscher have retreated, and no longer contribute mass 

to the main ice flow but do contribute melt water and sediment. 

 

The basin drained by the Gornera River is 82km² and 55% glaciated, by previously listed 

glaciers, the elevation range covers 2634m from the peak of Monte Rosa (4634m) to the 

river gauge, 1.6km from the glacier snout at 2000m giving a stream gradient of 20%. 

Grenzgletscher sourced on Monte Rosa accumulates cold firn at high elevation (>4000m) all 

year round (Huss et al., 2007). 

 

The Gornersee is the main source of sudden meltwater release in the Gornera catchment 

area during the ablation season. The Gornersee, an ice-dammed lake, is situated at the 

confluence of Grenzgletscher and Gornergletscher (Huss et al., 2007). Created by the retreat 

of the Monte Rosagletscher, it fills during the early ablation season (May-June), gathering 

meltwater from the surrounding snowpack and ice melt from the Monte Rosagletscher 

before draining into the Gornera river later in the ablation season (July- August), often in 

one large high discharge event or as a sustained period of high discharge over several days 

until the lake is empty. The effects of the draining of the lake on water temperature are not 

fully understood as drainage is sporadic and not easily predicted.  

 

Measurements recorded at Massa-Blatten Bei Natters account for the runoff from Grosser 

Aletschgletscher and its tributaries. Aletschgletscher is situated at 46°47° N latitude, 8°06°E 

longitude Massa River drains a basin area of 195km², with a glacierisation percentage of 

65.9 (Bundesamt Für Umwelt, 2003). The catchment ranges from 4195m (Aletschhorn) to 

the river gauge at 1446m an elevation range of 2749m, and mean elevation of the 
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catchment is 2945m (Bundesamt für Umwelt, 2003). The glacier snout is at 1800m with the 

river flowing 2.7km before reaching the gauge meaning stream gradient of 13%. 

 

The two basins (Figure 1.3) were subjected to the same overall patterns of climatic 

influences, although precipitation in Alpine areas is far from uniformly distributed (Collins, 

2009). The ablation season in the Swiss Alps runs from May through to October (Julian Days 

120 through 300), with the majority of significant activity occurring in the months of June 

through to September. 

 

 

Figure 1.3 Map of Switzerland showing the location of the two basins, Aletschgletscher and 

Gornergletscher (Collins, Taylor, 1990) 
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1.2 Aims & objectives 

 

The thesis aims to examine controls on meltwater temperature close to glacial termini in 

rivers draining highly glacierised basins containing large Alpine glaciers, and to predict 

how meltwater temperature may respond to climatic change. By exploring the controls 

on meltwater temperature and examining water temperatures through seasonal and diurnal 

regimes, primary and secondary influences on meltwater temperature can be identified. 

Data analysis then allows for the identification of any future trends that may occur during a 

period of extended glacial recession. Such trends can be extrapolated through the use of 

modelling, with possible modelling approaches being assessed to understand viability of the 

thermal regime in a pro-glacial environment close to glacier termini. 
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2. Background 

 

Understanding the way in which flow is derived in high mountain basins containing large 

glaciers is integral to hydropower companies, who regulate flow and generate sustainable 

levels of power all year round. Knowledge of river thermal dynamics is fundamental to 

understanding instream hydroecological interactions, because water temperature is a key 

environmental variable influencing physical, chemical and biological processes (Poole and 

Berman, 2001; Gu and Li, 2002). Physical characteristics influencing stream temperature are 

spatially nested at: macro- (latitude and altitude), meso- (basin climate and hydrology) and 

micro- (e.g. micrometeorology, channel geometry, riparian shading and substratum 

characteristics) scale (Webb, 1996). Specific to high mountain basins with glacial cover is a 

unique discharge regime, the seasonal evolution of which must be understood in order to 

understand the impact of discharge on stream water temperature fluctuations. 

 

2.1 Climate change and the Little Ice Age 

 

Ice masses, such as, Polar ice caps and glaciers, are considered to be sensitive indicators of 

climatic change, responding to both increases and decreases in global air temperatures. 

Over the past century, global surface temperatures have risen on average by 0.76°C (IPCC, 

2007). A slight decrease in air temperature was observed between the 1950s and 1970s. 

Temperatures have subsequently increased beyond the 1950 levels since the 1980s and 

predictions indicate that warming is likely to continue into, at least, the near future (IPCC, 

2007). 

 

The Little Ice Age is recognised as the period between the thirteenth and mid-nineteenth 

ŎŜƴǘǳǊƛŜǎ ǿƘŜǊŜ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ƭƻǿŜǊ ΨƻǾŜǊ Ƴƻǎǘ ƛŦ ƴƻǘ ŀƭƭ ǘƘŜ ƎƭƻōŜΩ όDǊƻǾŜΣ нлмнύΦ 

Alongside cooler climatic conditions, some regions possibly received enhanced precipitation 

levels (Nesje and Dahl, 2003). Colder air temperatures and greater precipitation levels 

meant mountain glaciers advanced on a large scale. Since the Little Ice Age maximum in 

1850, glaciers are estimated to have lost close to 30-40% area and 50% volume (Haerberli 
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and Benitson, 1998). Clear shrinkage and downwasting is evidenced by large terminal and 

lateral moraines at the Little Ice Age maximum (Collins, 2008). 

 

As global climate has been predicted to continue the warming pattern, this will heavily 

influence levels of volume change and runoff generation in glaciers (IPCC, 2007). With initial 

increases in levels of air temperature predicted to generate greater levels of runoff from 

large high mountain glaciers, as ice melt becomes a greater contributor to annual flow. 

Initial increases in air temperature will elevate the altitude of the 0°C isotherm, exposing a 

greater proportion of ice to air temperatures in excess of 0°C, therefore increasing melt 

generation and runoff. Over time, however, as glacier area reduces so will the amount of 

melt generated, leading to a decline in total annual runoff (Collins, 2008). 

 

 

2.2 Discharge patterns 

 

The efficiency of delivery of water into the pro-glacial environment is a great influence upon 

the ability for water temperature changes, waters with longer transit time have a greater 

ability to gain heat and solute content than those delivered quickly in bulk (Collins, 1979a). 

Knowledge of how this subglacial drainage system develops over an annual cycle is 

important to develop an understanding of how the speed of waters, derived from snow and 

icemelt, reaching the proglacial system changes over an annual cycle. 

 

The hydrological behaviours of glaciated basins with over 20% ice cover are strongly 

controlled by the balance between the accumulation and ablation of glacier mass balance 

(Fountain and Tangborn, 1985). Precipitation in the winter months falls singularly as snow in 

Alpine environments and temperatures do not reach those required to melt the snow-pack 

until the spring months, high mountain basins have an extended lag-time. This lag-time 

exists in all high mountain basins, not only those that are glacierized but also nival basins, 

nival basins lose the snow cover at the same rate as glacierized basins. However, ice holds 

much of the meltwater creating an extended lag-time (Collins, 1984). Nival basins therefore 

have an annual hydrograph that shows large meltwater discharge during the spring months. 
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Glacierized basins have an extended lag-time, and discharge released throughout the 

summer months, often held within sub-glacial pockets and ice dammed lakes (Collins, 1984). 

 

Glaciated basins exhibit unique hydrographs in comparison to other nival basins over annual 

and diurnal scales. These hydrographs differ greatly due to the manner in which proglacial 

streams gain discharge in comparison with other basins (Fleming, 2005). Hydrographs 

characterised by glaciated basins in high mountain areas are unique as they are not 

dependant on groundwater, precipitation or snowmelt as the primary source of flow. 

Glaciated basins depend on levels of icemelt to generate discharge; atmospheric factors 

influencing melting therefore control discharge delivery to the proglacial system, peak 

discharge in glaciated basins occurs in the months of greatest air temperature, where the 

bulk of glacial melt occurs (Figure 2.1) (Fleming, 2005). Nival basin maximum discharge 

occurs prior to maximum air temperatures as by this point the seasonal snowpack has 

reduced significantly. High levels of discharge derived from a cold water source inhibits the 

potential for large scale water temperature change, creating a cold water pulse during the 

period where both incoming short-wave radiation and air temperatures are at an annual 

peak. 
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Figure 2.1 Hydrographs of glacierized and nival (nonglacierized) basins  

(Fleming, 2005) 

 

The annual pattern of discharge in high mountain areas shows that as with non-glaciated 

Alpine basins, flow in the accumulation season (winter) is composed solely of baseflow 

(groundwater) and snowmelt dominates through the early part of the ablation season 

(Collins, 2009). In non-glaciated high mountain basins when snowmelt has surpassed its 

peak river levels fall and are highly influenced by summer precipitation (Fleming, 2005). In 

glaciated basins discharge levels continue to rise as runoff is supplemented by melting of 

exposed glacial ice. Nival basins experience low flow during the advanced latter stages of 

the ablation season (Aug-Sept) when flow is reliant upon groundwater and precipitation 

events. During this period glaciated basins experience peak levels of discharge as incoming 

short-wave radiation, despite being past the annual maximum, and air temperature are high 

and a large area of glacial ice is exposed to melting (Collins, 1998). 
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2.3 Development of the subglacial drainage network 

 

During the accumulation season a layer of snow forms on the glacier, this must be melted in 

the ablation season before solar radiation can reach the glacial ice. The extent to which the 

snow covers the glacier is represented by the height of the transient snow line (TSL). The TSL 

will be at its lowest elevation at the end of the accumulation season, i.e. April in the 

European Alps. Fresh snow has a high albedo of 0.8, while glacial ice has an albedo of 0.4 

(Wiscombe and Warren, 1980). Therefore, it takes longer for overlying snow to melt 

delaying the onset of glacial runoff. The elevation of the glacier and the 

hydrometeorological conditions, i.e. temperature and precipitation affect the extent to 

which the TSL reaches, and the time it takes to melt (Figure 2.2). While solar radiation 

reaches maximum levels on the 21 June in the Northern hemisphere, discharge will not yet 

be at its peak as the maximum area of glacial ice is not exposed to the atmosphere (Collins, 

1998). 

 

 

Figure 2.2 Schematic diagram showing how vertical movements of the transient snowline 

interact with Alpine basin hypsometry to determine the proportions of the basin area which 

are snow-free and snow-covered, and how the 0°C air temperature isotherm similarly 

interacts to partition basin area into portions over which precipitation falls as snow and rain 

(taken from Collins, 1998) 
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The altitude to which TSL reaches depends on the hydro-meteorological conditions that 

occur over an accumulation season, this influences the time it takes for annual discharge to 

peak. The meltwater draining Gornergletscher, Switzerland generally reaches maximum 

during August, as there is a balance between high incoming solar radiation levels, the 

altitude of the TSL and the distance meltwaters travel through the basal hydrological 

network (Collins et al. 1989; Swift et al. 2005). TSL is at its highest altitude at the end of an 

ablation season (approx 21 September), but incoming solar radiation levels are much lower, 

restricting levels of glacial melt generation.  

 

Discharge sourced from a glaciers surface primarily flows through the subglacial network 

beneath a glacier called the basal hydrological network (Collins 1979c; 1989; 1991; Boulton 

et al. 2001). The basal hydrological network, or subglacial drainage network, develops and 

changes throughout the ablation season. At the start of the ablation season the basal 

drainage system consists of a diffuse network of many conduits that cover a large 

proportion of the glacier bed, these are called distributed channels, and exists when surface 

meltwater inputs are low, therefore flow velocity is low (Swift et al., 2005; Collins 1989; 

Jobard and Dzikowski 2006). As the ablation season progresses surface meltwater inputs 

increase, accessing the glacier bed via moulins and crevasses. Water pressure is raised and 

conduits expand, and may collapse into one and other to form larger conduits at the 

expense of the smaller conduits (Hallet et al., 1996). This leaves a channelized system to 

develop in place of the distributed system (Warburton, 1990). The hydraulic efficiency of the 

basal drainage network is important as it controls the capacity and direction of flow (Swift et 

al., 2005). 

 

There are three methods of drainage within a glacial system; supraglacial (above the ice), 

englacial (within the ice) and subglacial (beneath the ice). The majority of flow is in the form of 

englacial and subglacial channels, created by the erosive power of flowing water (Hubbard and 

Nienow, 1997). However, little of the water carried englacially is formed in these tunnels; the 

majority is supraglacial which has percolated through the ice in moulins and crevasses 

(Rothlisberger and Lang, 1987). Water carried both englacially and subglacially erodes and 

melts ice due to an enhanced temperature of ~0.2 °C; this temperature is enough to melt 

tunnel walls, expanding channels therefore enhancing quantities of water travelling through 
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the system (Isenko et al, 2005). It is recognised that water entering the glacier from a static 

body of water open to climatic radiation (ice-dammed lakes) would be capable of increased 

erosion before being brought to the equilibrium temperature (Isenko et al, 2005). Supraglacial 

channels are influenced by gravity and therefore, tend to flow into the englacial and subglacial 

channel systems once they have sufficiently eroded the surface ice (Figure 2.3). Subglacial lakes 

form in areas where the hydraulic potential is relatively low, and englacial pockets generally 

form as remnants of crevasses or drainage tunnels (Rothlisberger and Lang, 1987). It is these 

features, which restrict the flow of meltwater through a glacier and allow for major build-up 

and sudden release.                                                                                                                                                      

 

Figure 2.3 Methods of water transport within a glacier (Jansson et al., 2003. Adapted from 

Rothlisberger and Lang, 1987) 

 

During passage from a glacier meltwater can follow various flow pathways. Meltwater can 

flow into the pro-glacial stream through runoff or englacial passageways within the glacier 

(Collins 1991). Moulins and crevasses act as a tunnel for glacial melt to pass from the 

surface to the glacier bed and flow through the cavities of the subglacial hydraulic system 

into the stream (Gurnell et al. 1996; Clifford et al. 1995). Huss et al (2007) carried out a 

study on Gornergletscher, Switzerland and found that, unlike Jansson et al. (2003), glacial 

conduits are more likely to reach to the rock surface under the glacier, allowing meltwater 

to flow through these passageways and be transported underneath the glacier to the 

proglacial stream. Glaciers generate meltwater by processes of basal melting and surface 

ablation (Swift et al. 2002). The flow pathway of meltwater has a critical influence on the 

development of the subglacial drainage system. If the concentration of surface meltwater is 
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high, and adequate capacities reach the glacier bed it is more likely that a channelized 

system will form with few large arterial conduits (Brown et al., 1996).  

 

2.4 Influences on Biota 

 

Despite the importance of thermal conditions in influencing biodiversity of high mountain 

river systems, knowledge of year round stream temperature variability is limited (Brown et 

al., 2006). These limits become increasingly clear when attempting to attribute climatic 

factors to temperature change in high mountain streams draining from the terminus of 

glaciers. Climate change will directly affect runoff levels in high mountain streams draining 

from glaciers. River thermal patterns will be modified by any changes to discharge, and so 

the effects of water temperature change on biotic habitats are of high importance. 

Knowledge of river thermal dynamics is fundamental to understanding instream 

hydroecological interactions, because water temperature is a key environmental variable 

influencing physical, chemical and biological processes (Poole and Berman, 2001; Gu and Li, 

2002). 

 

Biotic life in high mountain streams close to glaciers primarily takes the form of micro-

organisms. Bacteria, viruses, fungi and protists are known to flourish on bare rock surfaces 

(Rott et al., 2006). Combined with algae these micro-organisms are referred to as benthic 

biofilm (Milner et al., 2009). Aquatic life forms have a specific range of temperatures in 

which they can survive; Logue et al. (2004) observed lower biomass of bacteria in meltwater 

issuing from glacial basins than those emerging from groundwater-fed streams in the Swiss 

Alps. Changes in temperature brackets for existing aquatic life forms in proglacial streams 

can result in habitat restriction or destruction (Caissie et al., 2007). Changes in the diversity 

and abundance of micro-organisms under scenarios of altered cryosphere hydrology could 

potentially have widespread implications for glacial river ecosystem food webs (Milner et 

al., 2009). Expected long-term increases in stream water temperature with glacial retreat 

can be expected to drive quicker organic matter decomposition and nutrient cycling. 

Changes in the biogeochemistry of alpine streams with a shrinking cryosphere will likely 

encourage heterotrophic action (Milner et al., 2009). 
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2.5 Stream temperature influences 

 

Stream temperature varies diurnally and seasonally in response to natural cycles of solar 

radiation, air temperature and discharge. Stream temperature in a system is influenced at a 

number of different scales, macro-scale (altitude and latitude), meso-scale (basin climate 

and hydrology), and micro-scale (channel geometry, shading and substratum characteristics) 

(Webb, 1996). Water temperature drivers (Figure 2.4) are external to the system and assist 

in forming a streams physical setting. These factors are capable of controlling rates of heat 

and water delivery to the system, and are therefore capable of influencing water 

temperature in a positive or negative manner (Poole and Berman, 2001). 

 

 

 

Figure 2.4 Factors affecting stream water temperature (Caissie, 2006) 

 

2.5.1 Water sources 

 

Alpine streams gain discharge from a variety of different sources each with its own distinct 

thermal signature (Cadbury et al, 2008). Water in proglacial streams is sourced from 

icemelt, snowmelt, groundwater flow and/or precipitation. Each source is not only 

thermally unique but chemically different making it more easily identifiable by using specific 

conductivity (electrical conductivity) in conjunction with water temperature (Table 2.1). Ice 



20 

 

melt and groundwater are rich in solute content due to their greater residence time and 

extended contact with bedrock and unconsolidated sediments (Hodson and Ferguson, 

1999), allowing them to become chemically enriched. Snowmelt and precipitation are 

derived directly from the atmosphere and therefore are delivered to the proglacial system 

having little contact with bedrock or chemically rich sediments before entering the main 

river channel (Hodson et al., 1998). 

 

Table 2.1 Chemical and temperature characteristics of high mountain stream sources 

Water Source Temperature 

characteristic 

Chemical characteristics 

Icemelt Low temperature Solute rich 

Snowmelt Low temperature Solute poor 

Precipitation High temperature Solute poor 

Groundwater High temperature Solute rich 

 

The sources of stream water flow and their respective ratios control initial starting 

temperature in the stream headwaters and control the scale of temperature change 

downstream. Waters sourced glacially rely primarily upon ice and snowmelt for the bulk of 

discharge, therefore the greater the percentage basin of glaciation, the greater the control 

of stream temperature regime by the icemelt and snowmelt (Chikita et al., 2010). 

Accumulation season discharge consists solely of groundwater as precipitation falls as snow 

and air temperature remains too low to generate any melting of the snowpack. During the 

early part of the ablation season, flow consists primarily of melt from the snowpack, before 

exposing glacial ice. As solar radiation levels and air temperature increase, icemelt 

supersedes snowmelt to become the dominant driver of discharge until the end of the 

ablation season where by groundwater becomes the sole supplier of discharge as the 

accumulation season begins (Rothlisberger and Lang, 1987). During the ablation season, the 

elevation of the 0°C isotherm indicates over which proportion of the basin rain and snow 

will fall during precipitation events (Collins, 1998). 
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2.5.2 Percentage glacierization of basins 

 

Runoff variability in glacial basins increases as glacierization percentage decreases (Collins, 

2006). Any changes to runoff regime impact on potential changes in water temperature in 

proglacial streams. Collins (2008) compared four glacial basins of various levels of glacial 

cover and a nival basin over a period of 80 years, finding run-off in (near-) ice-free basins 

reflected fluctuations in precipitation and the greater the glacier cover the greater the 

influence of thermal conditions. Glaciated basins receive their bulk discharge from ice-melt 

over an annual period, whereas annual nival basin runoff comes from the melting of winter 

precipitation and summer precipitation events. 

 

Previous studies into water temperature of glacierized basins (Cadbury et al., 2008 

Uehlinger et al., 2003 Brown et al., 2006a; 2006b) where the control of the percentage of 

glaciation on stream temperature has been investigated have focussed on basins which 

have Җ30% glaciation, and the basins examined in this thesis are above 50% glacierized. 

Collins (2009) states that greater percentage glacierization of a basin, the greater the level 

of control over the annual runoff regime, as the bulk of discharge is composed of snow and 

icemelt sourced on the glacier. 

 

2.5.3 In-stream influences 

 

In-stream influences on water temperature are directly affected by the discharge level. As 

the volume of water in the channel increases so does the velocity of the body of water 

therefore reducing the time between glacier portal and gauging station, in which heating 

processes can take place.  

 

The effects of stream gradient on water temperature have been demonstrated, by Richards 

and Moore (2011), to be a contributory factor in raising stream albedo levels alongside 

changes in discharge. The albedo of a stream can be altered by the greater frequency of 

άǿƘƛǘŜǘƻǇǎέ ŀƴŘ ǿƘƛǘŜ ǿŀǘŜǊ ƛƴ Ŧŀǎǘ ŦƭƻǿƛƴƎ ǎǘŜŜǇ ǎǘǊŜŀƳǎ όƎǊŀŘƛŜƴǘ ƻŦҔмл҈ύ ǿƘŜǊŜ ǘƘŜ ōŜŘ 

is characterised by large boulders. Prior to the study by Richards and Moore (2011), 

whitetops and their relationship to albedo levels had only been studied in oceanic/maritime 
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conditions.  Albedo is the reflectivity of a surface, measured between 0 and 1, with 1 being 

total reflectivity and 0 being total absorption (Wiscombe and Warren, 1980). The albedo of 

water dictates the level of radiation energy absorption and therefore the potential for water 

temperature increase. 

 

Shallow gradients of proglacial streams often lead to the braiding of streams or the 

formation of proglacial lakes, both of which create a much greater capacity for heating than 

single-channel and steep proglacial streams (Uehlinger et al., 2003). Braided channels are 

wide and shallow, and discharge is low in individual braids. However, the whole constitutes 

the full level of ice melt. Shallow, wide channels absorb energy quickly as velocity is lower 

and surface area increases, compared to single channel systems, allowing for greater 

percolation of solar radiation. 

 

Turbidity is a measure of the haziness of a fluid caused by individual particles; the level of 

turbidity determines the capability of light and solar radiation to percolate the water 

surface. Glacial rivers have high-suspended sediment loads (Collins, 1979, Hodson et al., 

1998) during periods of high discharge during the ablation season. High sediment 

concentration intercepts incoming short-wave radiation, reflecting and refracting radiation 

(Richards and Moore, 2011). The greater the level of percolation, the greater the potential 

for temperature change. Particles carried in suspension in streams reflect solar radiation 

back into the atmosphere, increasing the albedo of flow. Proglacial streams are heavily 

sediment laden when carrying glacial meltwater, due to the high levels of erosion by glaciers 

at the ice-bedrock interface (Collins, 1979b).  

 

2.5.4 Atmospheric influences 

 

Atmospheric influences of stream temperature are the key drivers for temperature changes 

as they are responsible for heat exchange processes at the water surface (Figure 2.5). The 

main atmospheric factor driving temperature change is solar radiation (incoming short-wave 

radiation); other atmospheric factors influence solar radiation, indirectly affecting stream 

temperature such as, cloud cover.  
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Figure 2.5 Factors controlling stream temperature. Energy fluxes associated with water 

exchanges are shown as black arrows (Moore et al., 2005) 

 

Energy availability determines the levels of runoff generated through ice and snowmelt and 

the level of temperature change in discharge. Annual maximum solar radiation in the 

Northern Hemisphere occurs on June 21 and the minimum on December 21, peak air 

teƳǇŜǊŀǘǳǊŜǎ ŀǊŜ ƭŀƎƎŜŘ ŦǊƻƳ ǘƘƛǎ ƳŀȄƛƳǳƳ ŀǎ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ǘŀƪŜǎ ƭƻƴƎŜǊ ǘƻ ƘŜŀǘ 

therefore maximum temperatures frequently occur  between late July and August. Heating 

at the water surface occurs through direct incoming short-wave radiation and through 

convection and conduction from the atmosphere (air temperature) (Figure 2.5) (Moore et 

al., 2005). Influences which affect direct incoming short-wave radiation are explored further 

in this chapter.  

 

Precipitation influences stream temperature as it inputs large quantities of water into the 

system at a different temperature to that which is already flowing in the stream. 

Precipitation falling in high mountain Alpine areas will have a temperature greater than that 

of water flowing in the channel and be closer to that of current air temperature, however 

there is a lack of understanding of the impacts in highly glacierized Alpine areas and have 

only principally been covered by Collins (1998). For precipitation to occur at any time there 

must be adequate levels of cloud coverage. This cloud coverage subsequently affects direct 
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solar impact radiation levels, the primary factor driving melting of ice and snow (Jansson et 

al., 2003). In the accumulation season, precipitation falls as snow, and remains this way until 

the 0° isotherm advances in elevation above the lowest reach of the catchment which will 

receive rainfall (Collins, 1998). Storm systems in mountainous regions originate quickly and 

often due to the relief of terrain. These storms form as rising hot air meets descending cool 

air. Due to the nature of summer storm events in Alpine areas, large quantities of water 

enter the river system in a short space of time creating a pulse of warmer water in a cool 

water system. 

 

The timing of storms in Alpine areas has a greater effect on stream temperature when 

occurring at different diurnal and annual timeframes (Collins, 1998). Diurnally impacts of 

precipitation will have the greatest effect on stream temperature during periods of low flow 

from other water sources, where therefore the precipitation will account for a greater 

percentage of river flow and have a greater impact in changing water temperature. 

Precipitation events during peak diurnal flows are likely to have a much-reduced effect upon 

stream temperature as the event accounts for a much lower proportion of total flow. 

 

Impacts of storms at an annual timescale are more a consequence of the state of 

development of the glacier basal drainage network, which controls the delivery of 

ice/snowmelt to the proglacial stream system (Collins, 1998). Early in the ablation season 

when the drainage network is in its infancy, undeveloped and consisting of linked cavities, 

the lag-time for the water to reach the proglacial stream is long (Jansson et al., 2003). 

Precipitation falling on the glacierized area of a basin will undoubtedly contact the ice and 

will therefore have its temperature altered toward 0°C; the length of time water is in 

contact with the ice will impact upon the amount of temperature change. Precipitation high 

on the glacier, a long distance from the snout and portal will have a lower temperature than 

precipitation falling close to the snout; the temperature of precipitation is controlled by the 

elevation of the 0°C isotherm in the atmosphere. Position of the 0°C isotherm on the glacier 

determines the state of precipitation (snow or rain), rain falling close to the 0°C isotherm on 

the glacier will have been held in contact with the ice for a longer period and have been 

altered closer to freezing point. Later in the ablation cycle, lag-time is reduced, as the basal 

drainage network will have developed from linked cavities to conduits becoming more 
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efficient delivering water with less delay to the proglacial system. Ice contact time is 

diminished and water temperatures remain further from freezing point. 

 

The overall impact of precipitation events as stated by Collins (1998) depends on the 

proportions of glacier area free of snow, the positions of the 0°C isotherm and transient 

snowline and the development stage of the subglacial drainage network. 

 

2.5.5 Shading 

 

Solar radiation is very much a function of site conditions and predominately related to the 

degree of shading (Hebert et al., 2011). Shading, whether riparian, topographical or cloud 

cover, is the greatest determinant for stream water temperature change as it directly 

influences the levels of solar radiation available at the water surface.  

 

Riparian shading of water courses is considered a major factor in intercepting direct solar 

radiation from reaching the water surface (Johnson, 2004). In high mountain regions 

vegetation has neither the density nor height necessary to shelter streams from incoming 

solar radiation. Riparian growth is restricted due to shallow and particularly, in glacial 

valleys, nutrient poor Alpine soils that lack organic compounds. Alpine Tundra climate 

restricts the length of the growing season due to a combination of low winter and night 

temperatures and, permanent snow cover during the accumulation and early ablation 

season (Johnson, 2004).  

 

Topography influences stream temperature by shading a watercourse from direct solar 

radiation reaching the water surface, topographical shading not only accounts for large 

landforms but also river banks (Larson and Larson, 1996). Shading is influenced by the 

orientation of a stream and also the latitudinal position. The path of the sun changes 

throughout its annual cycle from 23.5°N on 21 June to 23.5°S on 21 December. The 

influence of topography is greater at times when the sun is at its greatest latitudinal 

distance from the stream, as the angle of reflection is at its most acute from the solar 

maximum. Topographic shading is most prevalent in narrow streams with high bank sides 

and/or steep surrounding topography (Larson and Larson, 1996). In glacial basins, shading is 
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not confined solely to the proglacial stream but also to the glacier itself. The glacier can be 

thought of in similar terms to a river channel with the flanks of the glacier receiving the 

greatest level of shading from steep valley sides. 

 

2.6 Summary 

 

In summary, it is clear that a number of factors, some common to all rivers in temperate 

regions and some, which are only a focus in high mountain environments, directly influence 

stream water temperatures in rivers, which drain from highly glacierized basins. As water 

temperatures of flow entering the pro-glacial environment are close to 0°C, it is likely that 

all the factors detailed will impact on the degree of temperature change, with primary focus 

being placed on incoming short-wave radiation, air temperature and discharge levels. 
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3. Methods 

 

3.1 Data collection 

  

3.1.1 Meteorological measurements 

 

Climatic measurements were taken from a number of locations around the Gornergletscher 

and Grosser Aletschgletscher systems. Gornergrat meteorological station, which provides 

data of all meteorological parameters around Gornergletscher, is situated at 7°47'9"E, 

45°59'4"N, at an altitude of 3110 m.a.s.l. Sion Aeroport meteorological station provides data 

for the Massa basin (Grosser Aletschgletscher) ŀƴŘ ƛǎ ƭƻŎŀǘŜŘ ŀǘ псϲнмΩфпϦbΣ тϲонΩстϦ9Φ Air 

temperatures were measured 2-metres above ground in a sheltered environment. The 

method prevents any backscattering of surface heat and protects a sensor from direct 

incoming solar radiation. Air temperatures vary with altitude and for the purposes of this 

thesis were corrected for elevation differences between the meteorological stations, 

gauging stations and average basin altitude (-1110m for the Gornera and +964m for the 

Massa) using the adiabatic lapse rate (Johnson, 1999): 

 

Ta = To +/- Ct * (Z-Zo)    (3.1) 

 

where Ta is representative of air temperature at the mean elevation of the segment (Z). To 

indicates the air temperature recorded at the weather station (Zo) and Ct represents the 

moist-air adiabatic lapse rate (-0.00656°C/m). Air temperatures collected by meteorological 

stations are from 2m above ground to minimise effects from reflected heat and heat 

emitted by the underlying topography, sensors are shielded from direct solar radiation and 

wind. Air temperatures at the gauging stations are higher than those that are higher up the 

catchment and therefore an average elevation for each reach was calculated to best 

represent the mean conditions across the length of the segment.  

 

In order to analyse data across such a large time scale over numerous annual alpine cycles, 

air temperature was used as a surrogate to incoming short wave radiation as data were 
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readily available for the full time period and incoming short wave radiation data were 

unavailable close to the studied basins. The author recognises that there are  differences 

between levels of incoming short-wave radiation and air temperature, not at least that 

when radiation levels are zero during the night air temperatures can remain above 0°C. 

However, Chikita et al (2010) showed that although short-wave radiation correlated more 

strongly with water temperatures than air temperatures, the two variables showed the 

same general trend (Figure 3.1). A lag exists between the annual peaks of incoming short-

wave radiation and air temperature, the peak of radiation occurring on 21 June in the 

Northern hemisphere. Air temperature follows sometime after as the earthΩǎ ǎǳǊŦŀŎŜ 

absorbs heat over long periods before releasing it, later in summer, as a latent heat store 

creating a buffer of air temperatures (Chikita et al., 2010).  

 

 

Figure 3.1 Relationships between shortwave radiation (A) and air temperature (B) and water 

temperatures (Chikita et al, 2010) 

 

3.1.2 Discharge measurements  

 

Discharge measurements on the Gornera River are collected automatically by Grande 

Dixence, a hydroelectric power company and Massa data were collected by Bundesamt für 

Umwelt. Data were collected at hourly intervals on the half hour (Gornera) and on the hour 

(Massa) every day. The Gornera and Massa gauging stations channel river flow into a 

managed  single channel, where wetted perimeter and velocity of water are measured and 

discharge calculated. As water measurements on the Gornera and Massa Rivers are 
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primarily influenced by ice and snow melt, during the accumulation season (December 

through March) river flow is close to zero and made up solely of groundwater flow, so the 

focus of study at a diurnal and seasonal scale is on the ablation season (May-October).  

 

Limitations 

 

The gauging station on the Gornera River in periods of high discharge required to be 

degravelled, in order to remove boulders and stop gravel beds forming at the base of the 

managed gauge. This process involved the opening of a gate at the base of the gauge 

allowing water to drain at a greater velocity removing the build-up of gravel. Degravelling 

occurs twice daily at 0530 and 2030 causing discharge levels to drop and give false readings, 

for this study, these data have been removed. 

 

3.1.3 Water temperature measurements 

 

Water temperatures were collected under two differing regimes at the Gornera and the 

Massa. Water temperature was measured at the Gornera gauging station using a MiniSonde 

4a probe, the capabilities of which are shown in Table 3.1. Data were recorded at high 

resolution (10-15min periods) throughout the ablation seasons of calendar years 2004 

through 2011. As data were recorded at such high resolution, data sets are limited to short 

time periods and do not cover whole ablation seasons. 
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Table 3.1 Properties of MiniSonde 4a probe (Hydrolab, 2013) 

 Range 

Temperature -5 to 50°C 

Specific Conductivity 0 to 100 µS/cm 

pH 0 to 14 

 Performance 

Memory 120000 measurements 

Battery supply 8AA batteries 

Battery life 114 days 

Maximum depth 225 m 

Water temperature recorded at the Massa with hourly resolution throughout the calendar 

years of 2003 through 2009 by Bundesamt Für Umwelt (BAFU). Data collected at the Massa 

gauging station are available throughout the year allowing for more in depth annual trends 

to be identified over the Gornera basin. 

 

Limitations 

 

Water temperature measurements collected at Gornera gauging station were manually 

collected, using a MiniSonde probe. Probes were installed on field visits in the ablation 

season, each time during times of high specific discharge (Figure 3.2). Due to high variability 

of discharge in glacial basins and the wide range between high and low discharges in the 

ablation season meant that at periods of sustained low discharge the probe became 

exposed to atmospheric factors and recorded air temperatures rather than water 

temperature. 

 

Experimental design at the Gornera aimed to primarily at collecting high-resolution 

electrical conductivity data, with water temperature, pH and dissolved oxygen collected 

merely as a consequence.  
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Figure 3.2 Gornera gauging station at high discharge 

 

3.2 Overview of study period 

 

Continuous hourly records of discharge from Massa were processed for calendar years 

2003-2011 and Gornera 2004-2008. Water temperature data were obtained for the full 

measured period for Massa. However, data for Gornera were only continuous over the 

lifetime of the MiniSonde probes and collected for monthly periods coinciding with 

scheduled field and site visits during the ablation season. Air temperatures were available 

close to both gauging stations, for the same periods where discharges were collected. 

Annual patterns of data were examined through 2005 as this was an accurate average of the 

period studied, diurnal regimes were analysed across a variety of periods to demonstrate 

the change in seasonal patterns. 
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4. Results 

 

4.1 Annual trends 

Discharge 

 

Flow levels in the Massa and Gornera basins are insignificant in the months of November 

(11) through April (4) as there is very little meltwater generation. Any flow is drainage of 

meltwater stored from previous summer ablation flow and groundwater flow. Consistently 

in the Massa, months 5-9 (May-Sept) accounted for over 89% of annual discharge over the 

measured period between 2003 and 2011 (Table 4.1). Discharge in Gornera is only 

monitored by Grande Dixcence between May and October, as flow in the accumulation 

season is negligible and considered uneconomical. Table 4.1 shows the average percentage 

of annual flow for each month over the measured period. Outside of the ablation season (5-

9), October has the greatest level of flow as dwindling radiation levels are able to generate 

some melt at the low elevations of glacial ice remaining free of snow cover after the 

ablation season and the release of subglacial water pockets which became charged during 

the ablation season. The comparative month to October at the beginning of the ablation 

season (April), shows very little discharge generated despite average incoming short-wave 

radiation levels being significantly higher than corresponding air temperatures. This is due 

to the presence of snow cover at the lowest elevation of the basin area. 

 

Year-on-year analysis of the Massa ablation season (Table 4.2) shows that the month of 

greatest discharge commonly varies between July (7) and August (8). The always occurs 

after the summer solstice (21 June), indicating that the transient snow-line (TSL) continues 

to rise into the latter part of the ablation season exposing more low albedo glacial ice to 

solar radiation levels high enough to generate melting. Discharge rises sharply from May 

through to July before plateauing and falling steeply into month 9 (Figure 4.1). Overall 

means from annual Massa data, Table 4.2, show that 2003 was a year of much greater than 

average summer discharge and was followed by a lower than average discharge regime in 

2004. 2003 has since been recognised as an exceptional year with a heat-wave dominating 
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central Europe (IPCC, 2007). After 2003, 2009 is shown to be the year of greatest discharge 

levels in Massa. 

 

Discharge levels in Massa and Gornera basins between days 0-120 and 270-365 (Figure 4.1) 

are so low that they can be regarded as insignificant for diurnal analysis and constant flow 

regime begins at day 120. Comparison of Table 4.2 and 4.3 and Figure 4.1 indicates Massa 

discharge levels are much greater than those experienced in the Gornera, due to the 

respective basin size and ice area. However, the patterns of low and high flows are very 

similar to one and other. Annual peak discharge at Gornera, between 2004 and 2008, ranges 

from June to August and is primarily linked to the draining of the Gornersee. July and August 

see the greatest levels of total discharge in the Gornera. Analysing the annual data from 

2005 against one and other shows a high level of correlation between the sites (Correlation 

coefficient = 0.91) (Figure 4.2), indicating that changes driven in each basin are nearly 

identical. 

 

Table 4.1 Percentage of total annual discharge in the Massa by month and for the period 

May through September (Q5-9), for the year 2003 and 2011. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Q5-9 

2003 0.21 0.14 0.29 1.14 5.66 24.84 25.50 29.66 9.57 2.27 0.48 0.25 95.22 

2004 0.21 0.20 0.31 0.76 3.89 15.00 24.97 29.24 17.32 5.01 2.65 0.45 90.42 

2005 0.25 0.18 0.38 0.86 6.62 23.33 27.60 20.92 14.86 3.43 1.35 0.22 93.33 

2006 0.14 0.11 0.14 0.61 6.13 19.22 36.05 14.15 15.32 6.46 1.28 0.37 90.88 

2007 0.31 0.23 0.31 2.56 7.78 19.46 24.98 24.10 12.78 6.27 0.91 0.31 89.10 

2008 0.21 0.23 0.28 0.42 7.45 20.85 25.82 26.79 13.66 3.09 0.83 0.38 94.57 

2009 0.20 0.16 0.21 0.78 7.44 17.61 23.98 28.38 14.87 5.21 0.75 0.40 92.28 

2010 0.27 0.15 0.22 0.94 5.78 18.87 35.08 23.13 11.00 3.56 0.69 0.31 93.88 

2011 0.17 0.14 0.22 2.21 9.29 16.43 20.10 25.72 18.11 6.17 1.03 0.41 89.65 

Ave. 0.22 0.17 0.26 1.14 6.67 19.51 27.12 24.68 14.17 4.61 1.11 0.34 92.15 
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Table 4.2 Mean discharge of the Massa by month and for the period May through 

September (Q5-9) for the years 2003 through 2011 (m3s-1) 

 May Jun Jul Aug Sep  Q5-9 

2003 13.60 59.70 61.30 71.30 23.00  45.78 

2004 6.20 23.90 39.80 46.60 27.60  28.82 

2005 11.80 41.60 49.20 37.30 26.50  33.28 

2006 11.00 34.50 64.70 25.40 27.50  32.62 

2007 13.40 33.50 43.00 41.50 22.00  30.68 

2008 13.80 38.60 47.80 49.60 25.30  35.02 

2009 14.70 34.80 47.40 56.10 29.40  36.48 

2010 9.77 31.90 59.30 39.10 18.60  31.73 

2011 18.20 32.20 39.40 50.40 35.50  35.14 

Mean 05-11 12.50 36.74 50.21 46.37 26.16  34.39 

 

Table 4.3 Mean discharge of the Gornera by month and for the period May through 

September (Q5-9) for the years 2004 through 2008 (m3s-1) 

 May Jun Jul Aug Sep  Q5-9 

2004 1.96 7.21 13.28 12.86 11.15  9.29 

2005 2.46 13.20 15.95 10.36 6.74  9.74 

2006 3.33 10.67 21.97 9.57 7.97  10.70 

2007 3.52 10.17 14.351 11.68 6.08  9.16 

2008 4.33 9.99 15.00 14.50 7.35  10.24 

Mean 04-08 3.12 10.25 16.11 11.79 7.86  9.83 
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Figure 4.1 Annual hydrograph of the Gornera (black) and the Massa (grey), for 2005 
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Figure 4.2 Plot of mean hourly discharges of the Gornera (x-axis) and the Massa (y-axis) for 

May through September 2007, r= 0.91. 

 

Water temperature 

 

Annual trends identified in Massa water temperatures show a previously undocumented 

spring maximum temperature period. Maximum water temperatures in the Massa are 

consistently found through April and May (Figure 4.3); Figure 4.3 is indicative of the study 

period. During this period residence times of snow melt, in the Massa, are long with low 

discharge and high solar radiation levels. Mean daily water temperature (Figure 4.3) 

highlights how the impacts of extreme fluctuations is reduced are that through June to 

September water temperature fluctuations are minimal in comparison with April, May and 

October, greatest range of readings are found in April with July showing the least fluctuation 

between maximum and minimum. 

 

Through annual periods of high water temperatures, days where water temperatures were 

cooler are frequent, indicating a reliance of temperature change on incoming short-wave 

radiation levels early in the ablation season. The months with greatest variation in water 
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temperature (Table 4.4) are those where radiation is at a substantial enough level to warm 

flow without generating large amounts of discharge, through icemelt. Early season is 

restricted by high albedo snow cover and late season fluctuation occurs as melt is reduced 

at higher elevations and discharge is low, increasing residence time and therefore contact 

with incoming short wave solar radiation is increased. 

 

Table 4.4 Massa maximum and minimum monthly water temperature readings 2005 (°C). 

Month Max Min Range 

Apr 4.30 0.20 4.10 

May 3.12 0.80 2.32 

Jun 1.62 0.63 0.99 

Jul 1.56 0.75 0.81 

Aug 1.72 0.80 0.92 

Sep 1.74 0.76 0.98 

Oct 2.18 0.59 1.59 
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Figure 4.3- Annual water temperature variations of the Massa over 2005. Hourly values (black) and mean daily values (red). Distinct warm 

water pulse between days 75 (16 March and 125 (5 May). 
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Air temperature 

 

Air temperatures in the Massa and Gornera basins fluctuate between summer maxima and 

winter minima. Annual air temperature regimes for Gornera and Massa basins over 2005 

(Figure 4.4), indicate similar climatic patterns. Temperatures in both basins follow similar 

patterns with Massa having lower peaks and deeper minimums, due to its higher mean 

catchment elevation than Gornera.  

 

Peak of air temperature in both basins in 2005, came on day 208 (28 July) with minimum 

temperature recorded on day 25 (25 January), giving an annual temperature range of 46°C 

(Figure 4.4). Positive air temperatures are required to generate any melt of snow and ice in 

basins and therefore the main focus should be placed upon the period of time where all 

recorded temperatures exceeded 0°C. Correlation of air temperatures is high between the 

two basins measured (Figure 4.5) indicating that both basins were subjected to similar 

climatic conditions. 

 

Analysis of mean monthly air temperatures (Tables 4.5 and 4.6) shows strong trends 

between Massa and Gornera, with maximum annual temperatures occurring in July 2006 

and July was proven to be the warmest month at both sites over the entire study period. 

Massa experiences higher ablation mean temperatures and lower winter means than 

Gornera, ablation averages are expected to higher. However, winter temperatures are 

anomalous as a site at higher altitude would be anticipated to experience lower winter 

temperatures. 2009 was the warmest year on record over the study period (where 

discharge, air and water temperatures were available) in terms of annual and ablation 

season mean temperatures at Massa (Table 4.5). Winters of 2006-07 and 2007-08 air 

temperatures at Gornera are abnormally high in January and February, with temperatures 

close to 0°C (Tables 4.5 and 4.6).  




