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Abstract 

Virkisjökull is an outlet glacier of the Öræfajökull icecap in SE Iceland and currently 

covers 60% of its catchment, though this is reducing. Fieldwork and catchment 

monitoring activities for this project over the last 4 years includes measurement of ice 

ablation, proglacial discharge, dye-tracing of flow pathways, and deployment of three 

automatic weather stations at altitudes up to 880 m. These data calibrate a distributed 

hydrological model (WaSIM) to project potential river regime during stages of glacier 

retreat. Results show: (1) glacier hypsometry sensitizes the catchment to a 

disproportionately rapid increase in runoff as the snowline rises resulting in a potential 

annual increase in river discharge of up to 37% ; (2) a dominantly channelized glacial 

drainage system in all seasons with a rapid runoff response to melt: englacial flow of 

0.58 m s-1 is comparable to the proglacial river velocity; and (3) that longer-term, 

reduced glacier cover and snow storage will lead to a discharge regime dominated by 

short-term precipitation events in all seasons, and a reduced influence of the seasonal 

meltwater discharge peak. The study demonstrates the importance of glacier 

hypsometry above the present ELA as an influence on catchment hydrological response 

to potential climate warming. This study demonstrates the importance of considering 

changes at the catchment scale when discussing hydrological changes forced by 

enhanced glacier melt. Field work at Virkisjokull has revealled catchment-specific 

hydrological behaviour in the proglacial foreland that may have a large influence on the 

river regime as the glacier retreats. 
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Symbols 

Units are given in the text. 

AAR accumulation area ratio 

a  melt rate / ablation 

a  empirically fitted parameter 

al  precipitation correction factor 

as  precipitation correction factor 

b empirically fitted parameter 

b  specific mass balance 

bs  precipitation correction factor 

bl  precipitation correction factor 

C  subsurface heat flux 

C concentration 

c   empirically fitted parameter 

C0  snow model temperature threshold parameter 

d  dispersivity 

D dispersion coefficient 

d distance  

DDFice  degree day factor ice 

DDFsnow degree day factor snow 

DDFfirn  degree day factor firn 

DDF   degree day factor 

Dmax  maximum  output value 

Dmin minimum output value 

Ei  error 

�̅�  mean of the error 

ELA equilibrium line altitude 

f  degree-day factor for snow 

�̂�𝑖 modelled value at specific time 

�̅�  mean of the observed data 

Qmeas measured discharge 

Qcalc calculated discharge 

�̃�  mean of the modelled data 

h stage 

H  sensible heat flux 

IoAd  index of agreement 

j  value at weather station 

Kfirn  storage in firn 

KGE Kling Gupta efficiency 

Ksnow  storage in snow 

Kice  storage in ice 

L  net longwave radiation flux 

LE  latent heat flux 

MSLE mean squared logarithmic error 

MSDE mean squared derivative error 

M  ice/snow melts 

M mass  

n  time steps per day 

NS Nash-Sutcliffe coefficient 

n number of data points 

NC  no change 

p   snow deposition 

p number of free parameters in the model 

PDIFF  peak difference 

PEP  percentage error in peak 

PC  pearson coefficient 

Q  discharge 

Qi  observed value at specific time 
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QT  peak 

S  net shortwave radiation flux 

SI  sensitivity index 

SSE sum square error 

SD standard deviation 

T+ positive air temperatures 

Th  Threshold temperature 

Tr/s rain-snow threshold temperature 

t  time 

T  temperature 

U location 

u  advection of dye tracer during transit 

uj observed value at the station 

VE  volumetric efficiency  

wj   weight of observed value at station  

ẑ  interpolated value  

z,d  elevation band 

Δt  number of time intervals 
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Chapter 1 Introduction 

 

1.1 Overarching rationale 

The glaciers of Iceland cover about 11% of the total area of the country and receive 

about 20% of the precipitation that falls. In the form of ice they store the equivalent of 

15 - 20 years of annual average precipitation over the whole country. Substantial 

changes in the volume of glacier ice may therefore lead to changes in the hydrology of 

the rivers with important implications (Fenger, 2007). 

It has been predicted that mean annual temperature in Iceland will increase by 3C by 

2140 (Sun & Hansen, 2003, Aðalgiersdóttir et al., 2006 and Kiehl & Gent, 2003). With 

an increase in temperature of only 2 C the Vatnajökull icecap will reduce by 12-15% 

and 18 – 25% in total area and volume respectively during the next century. As a 

consequence the extent of outlet glaciers will reduce by 3 – 6km (Flowers et al., 2005). 

This change could be particularly dramatic for the southern outlet glaciers which are a 

major and highly dynamic influence on the hydrological cycle of SE Iceland. Ice volume 

reducing by half in 100-150 years will result in an initial increase in the average annual 

runoff (Aðalgiersdóttir, 2006, Jóhannesson et al., 2007) from southern Vatnajökull. This 

will occur alongside a redistribution of melt water through outlet-rivers, the potential 

isolation of river basins, development of pro-glacial lakes and increased hydrological 

decoupling.  A greater understanding of the impact of these glacial catchment changes as 

an outlet glacier retreats could improve our understanding of the impacts of climate 

change on other glaciers in Iceland and beyond. The effect of changing mass balance of 

glaciers on catchment hydrology has not yet been fully understood nor have the linkages 
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between glacial and hydrological realms been well constrained in previous modelling 

studies. 

The results of this study may imply a similar trajectory at other glaciers in Iceland and 

beyond. It has implications regarding the management of glacial catchments in the future. 

It also has the possibility to inform the utilisation of water resources, including 

hydropower developments in glaciated catchments and the recharge of usable 

groundwater supplies particularly in areas that are predicted to lose surface water 

resources due to widespread de-glaciation in the coming century.  

The effects of climate warming remains to be properly determined, requiring realistic 

forecasting of river changes in order to quantify its implications (Flowers et al., 2005). 

The hydrological changes that can be expected to occur around Vatnajökull in the next 

century have implications for the management of infrastructure, industry, farming, 

tourism, local communities and flooding (Bergstrom et al., 2007; Flowers et al., 2005). 

It is crucial that the impacts of climate change on Iceland’s glaciers are linked to 

hydrological changes within the river catchments. 

1.2 Aims and Objectives 

The overall research objective of this project is to understand how the hydrology of a 

maritime glacial catchment evolves during a retreat phase. This will be achieved by 

investigating the control that the glacier has on the river in the downstream catchment 

and modelling how its retreat will impact the behaviour of the river. This includes the 

glacier (as it releases water from long term storage), retreat of the snow line and the 

expanding pro-glacial lake.  

The four main objectives were: 
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1.  To model the rate of glacial ablation at Virkisjökull in order to be able to quantify 

how much melt water is being discharged into the foreland and contributing to the 

pro-glacier river runoff during both the summer and winter seasons. This is to be 

achieved using a temperature index approach. In addition the snowline altitude 

retreat will be modelled to more accurately represent glacial melt and to assess 

the contribution of seasonal snow melt to river discharge patterns.  

2. A series of dye tracer tests will determine the routes and efficiency by which water 

is transported into the foreland and river; the speed and efficiency of which is 

expected to increase as the season progresses and the glacier collapses. 

3. An accurate seasonal discharge rating curve of the pro-glacial river will be 

developed. River discharge will be analysed alongside the associated 

meteorological and glaciological controls. This will characterise the current 

controls on runoff and the natural variation in catchment inputs and water stores 

e.g. the frequency of rainfall, total energy receipt, glacier ablation and snow melt, 

in order to hypotheses future changes with glacial retreat.  

4. The Water Balance Simulation Model (WaSiM) will be used in order to simulate 

the changes in the seasonal hydrology of the Virkisá in the future and therefore 

test the hypotheses derived from the quantitative data. Calibration of the model 

using the river discharge of the 2012 to 2013 period will ensure that the model 

sufficiently represents the hydrology of the catchment where the measured glacial 

ablation will ensure that the model is accurately representing the spatial and 

temporal variation in melt 

1.3 Thesis Structure 

This diagram below (Fig 1.1) shows the structure of the anlaysis chapters. The literature 

review is in the next chapter (2). 
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Figure 1.1. The structure of analysis in this thesis as it is divided by chapter. Pink indicates the chapter 

title and description, white denotes processes and tasks undertaken and green shows the main outcomes 

which will be discussed in Chapter 8 (Discussion) 

 

 

 

 

 

 

 

 

 

 

 



26 
 

2 Literature review   

This chapter will discuss relevant literature regarding rapidly deglaciating catchments 

including methods of measurement and modelling as well as predictided consequences 

of changes. This section focuses predominatantly on research that has taken place in 

Iceland but also uses examples from catchments worldwide in order to discuss a variety 

of methods. This chapter demonstrates that the focus of this project will be on ablation 

measurements, hydrological modelling and the investigation of the connectivity of 

hydrological networks. Findings from this literature review are used at the end of this 

chapter to hypothesise anticipated changes that can be expected at the study catchment 

during the current deglaciating phase.  This section of the literature review therefore 

focuses on the methods used to model ice and snow ablation and also the distribution 

and accumulation of precipaition over the catchment in previous studies. This allows 

glacier melt to effectively connect with the main climate controls. 

2.1 Ablation and the catchment connection to climate: theory and 

modelling 

Variation in glacial ablation has a profound influence on the hydrology of high 

mountain catchments. To understand this influence and the factors determining the 

magnitude of changes to river runoff the amount of meltwater input must be quantified.  

In order to separate its impact from that of precipitation, both the distribution of snow 

and rainfall (and their contribution to total runoff) must also be accurately calculated.  

2.1.1 Methods to model glacier ablation 

Ablation from the surface of a glacier will occur only if there is a surplus of energy at 

the ice surface and the ice is at melting point (Benn & Evans, 1998). The surplus of 

energy is determined by the surface energy balance: 
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 𝑆 + 𝐿 + 𝐻 + 𝐿𝐸 + 𝐶 + 𝑀 = 0, 

 

(2.1) 

 (Pellicciotti et al., 2008). Where: S is net shortwave radiation flux; L is net longwave 

radiation flux; H is sensible heat flux; LE is the latent heat flux; C is the subsurface heat 

flux and M is the energy available for ablation. All fluxes are measured in W m-2. 

However taking account of all the energy fluxes requires detailed meteorological data 

that is often not available. 

Fyffe et al. (2014) used a distributed energy-balance melt model to calculate melt rates 

on the debris-covered Miage Glacier in the western Italian Alps. By combining an 

existing energy-balance model (DEB-Model) (Lejeune et al., 2013; Reid et al., 2012;) 

with melt rates for clean ice, snow and partially debris-covered ice (calculated with 

standard energy balance equations) they were able to successfully calculate sub-debris 

melt rates. Their findings indicated that debris delays and attenuates a melt signal, 

compared to that from clean ice, resulting in the peak melt occurring later in the day. 

Their study demonstrates that the successful application of the simulation of energy 

fluxes, rather than a simplification of the surface energy balance using temperature 

variation, gives improved results for the modelling of ablation beneath debris. 

In a large-scale study using melt modelling, Braun & Hock (2004) used a spatially 

distributed surface energy balance model for calculating melt at King George Island ice 

cap in Antarctica. They found that net radiation was the main energy source, followed 

by sensible heat flux. They also found that at this location the application of a constant 

lapse derived from average long term data would significantly under represent the 

calculated total melt due to an underestimation of air temperature at high altitudes 

during the main melt season. In this example the use of the energy balance method 
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supplanted the error that would have resulted from over-reliance on temperature records 

alone to explain melt rates. 

Brock & Arnold (2000) developed a spreadsheet-based point surface energy balance 

model. When comparing the modelled results with the measured values from Haut 

Glacier d’Arolla in Switzerland the root mean square error was only 2.0 mm day-1. 

Other benefits of the spreadsheet model were the simplicity of its software and a quick 

adaption to different study sites. However the core of the model requires the calculation 

of net shortwave and long-wave radiation fluxes, the turbulent sensible and latent heat 

fluxes and the surface melt rate at a point on the melting ice/snow surface. These 

required hourly measurements of incoming shortwave radiation, vapour pressure, air 

temperature and wind speed, alongside the latitude, longitude, slope angle, aspect, 

elevation, local temperature lapse, albedo and aerodynamic roughness of the study site. 

For a study that does not intend to calculate hourly melt rates, this level of detail and 

very minor error margin is not required to provide useful results. The choice of model 

for this study thereby reflects an effort- to-benefit based decision. 

The relationship between glacier melt and temperature has been long established and 

therefore it is the basis for many ablation studies (Braithwaite & Olesen, 1989; 

Braithwaite, 1995). For periods of longer than a day, a reasonable estimate of ablation 

on the whole glacier can be made using a temperature index model provided it is 

constructed using accurate measurements of ablation (Lauman & Reeh, 1993). This is a 

simple model that considers meteorological variables as indices of physical processes 

by combining complex surface energy exchange into one or more parameters (Hock, 

2005). It has a straightforward and pragmatic approach as well as an ability to match the 

performance of more complex energy balance models on a catchment scale (Hock, 

2003; Hock, 2005; Rango & Martinec, 1995). The most basic form of the equation 
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relates snow or ice melt during a specific time interval to the sum of positive air 

temperatures. The resultant number is called the degree day factor (DDF) and is 

expressed in mm d-1 °C-1: 

 
∑ 𝑀

𝑛

𝑖=1

= 𝐷𝐷𝐹 ∑ 𝑇+∆𝑡

𝑛

𝑖=1

 

 

(2.2) 

 (Hock, 2003 p105). Where M is ice/snow melt; Δt is the number (n) of time intervals; 

And T+ is positive air temperatures (in °C). A detailed overview and summary of degree 

day modelling procedure is provided by Hock (2003; 2005) and Hubbard & Glasser 

(2005). 

Kirkbride (1995) used this straightforward degree day approach in order to establish a 

strong relationship between temperature and ablation on the Tasman Glacier in New 

Zealand. This resulted in reconstruction of 19th century ablation conditions at one 

specific site and valuable predictions of increased melt water production given a 

warming of 1 & 2°C. However the performance of the degree day method is strongly 

dependent on the choice of near-surface lapse rate (used to determine the sum of 

positive daily temperatures) and the choice of the degree day factor. This was 

investigated by Hodgkins et al. (2012) at Vestari-Hagafellsjökull (an outlet of 

Langjökull), Iceland. They found that the lapse rate was significantly lower during the 

summer when compared to spring and autumn and suggested that this was a result of 

diabatic cooling. The sensitivity to a change in degree day factor was more variable, 

with a 1mm w.e. °C-1 day-1 change resulting in 500mm summer melt at low elevation or 

200mm melt at high elevations. Lapse rates and degree day factors as well as being 

highly variable, are catchment specific (Table 2.1). It is therefore important that degree 

day studies are calculated based on data gathered within the area in question. Uhlmann 
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et al. (2013) used a standard 0.6 °C/100 m lapse rate applied over the Findelen 

catchment in the Swiss Alps and used a calibration process to calculate the best-fit for a 

degree-day model. Their results were used to model runoff under a long lasting stable 

climate; however parameterizing the degree day factor arguably introduced a large 

source of uncertainty into their modelled results. It is preferable to ground-truth a model 

with an appropriate number of ablation stake measurements; otherwise the degree-day 

method is invalid (Hock, 2005). 

Table 2.1 comparison of degree day factors and temperature lapse rates from a range of studies 

Degree Day Factor(s) Lapse rate(s) Location Author(s) 

4.8 (average) 0.6 Tasman Glacier, New 

Zealand 

Kirkbride, 1995 

 

 

11.1 0.45 Vestari-Hagafellsjökull, 

Iceland 

Guðmundsson et al., 

2009 

 

 

4 -  Greece (Pleistocene 

reconstruction) 

Hughes & Braithwaite, 

2008 

 

5 – 11.5 (broad range) 0.45 – 0.7 Iceland Johannesson et al., 1995; 

Johannesson et al., 1997; 

Guðmundsson et al., 

2009; Aðalgiersdóttir et 

al., 2006 

 

-  0.6 Langjökull, Iceland Hodgkins et al., 2012 

 

 

 Various improvements to the temperature index method have been made, e.g. Konya et 

al. (2004) at Koryto glacier, Russia who incorporated the topographical effect of 

shading and seasonal snow cover through the inclusion global radiation measurements. 

Barringer (1989) recognised that the fixed linear lapse rate can be a major source of 
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error in other melt modelling studies. A marked improvement was made in the 

extrapolation of temperature after a discriminant analysis based on high altitude 

temperatures and low altitude standard meteorological records was applied to a 

snowline model for the Remarkables, New Zealand. However others show that efforts 

to improve the degree day model e.g. through combining temperature and radiation in 

the temperature index model process, does not significantly improve the model results. 

These studies use this as a justification for keeping the model simple by focusing solely 

on temperature as the main parameter for melt (Kane & Gieck, 1997). Ultimately 

temperature index models of differing complexity have been used successfully by a 

number of studies on glaciers in the Nordic area, including Iceland (Jóhannesson et al., 

2006; Thorsteinsson et al., 2006; Schuler et al., 2005; Andreassen et al., 2006; Radic & 

Hock, 2006; Reeh & Ahlstrom, 2007; Bergström et al., 2007) all of which are adapted 

to the specific needs of the study and the limitations of the catchment to provide the best 

possible results with the resources available. 

However in some studies it remains important to consider the indirect effect of radiation 

variation on melt rates (Müller & Keeler, 1969; Hubley, 1954; Hubbard & Glasser, 

2005). The varying densities of weathering crusts due to the variation in intensity of 

incoming radiation (Braithwaite & Olesen, 1984) can result in an under or 

overestimated measurement of ablation when using a simple degree day method (Müller 

& Keeler, 1969). To reiterate; the choice of model reflects the specific aims of the 

project and the required accuracy of the melt model to answer a specific research 

question. 

A new method of deriving ablation rate by remote sensing measurements alone has the 

potential to substantially increase the density of observational based ablation rates on 

ice sheets and caps according to Reeh et al. (2002). In their study the ablation rate at 
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Storstrommen in Northeast Greenland was derived by a combination of airborne laser 

altimetry measurements, satellite aperture radar inteferometry (InSAR) and airborne ice 

sounding radar measurements of ice thickness. This produced good results when 

compared to measured ablation but is most valuable only on large ice caps and 

inaccessible areas. 

There are several examples in the literature where the use of a simple degree day model 

has been integrated into the successful modelling of runoff and daily catchment 

discharge (Horton et al., 2006; Schaefli & Huss, 2011; Guðmundsson et al., 2005; 

Uhlmann et al., 2013. These studies were successful in describing changes in glaciers in 

terms of their impact on the total catchment hydrology. 

2.1.2 Methods to model snow accumulation and ablation 

Degree day modelling may also be applied to the ablation of snow which requires the 

measurement of snow depth at points within the catchment. Snow ablation poses a 

different set of difficulties to ice ablation modelling, namely the difficulty of gaining 

accurate measurements when there is a high incidence of wind-blown snow and variable 

topography. Also changes in the density of snow with depth means that a measured melt 

rate in mm cannot be so easily converted into a water equivalent value as it can with ice 

melt. Researchers have experimented with a variety of techniques to overcome these 

challenges in order to be able to calculate both the amount of snow held in storage 

within a catchment and the total runoff produced when it melts. 

Essery & Etchevers (2004) use a simple snow model with only three parameters (fresh 

snow albedo, albedo decay rate for melting snow, and surface roughness) in order to 

simulate snow accumulation and melt in four catchments in Europe and North America. 

The model was driven by hourly averages of incoming shortwave radiation, incoming 

longwave radiation, air temperature, specific humidity, wind speed and snow fall rate. 
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In their study the results are validated with observations of the snow water equivalent 

(SWE) in the field which was measured weekly in snow pits. This required continuous 

monitoring, with people available to go in to the field to collect measurements. 

Although snow can be modelled using remotely collected data, the results of such a 

model cannot be validated easily without an accessible site. 

Evans et al. (2008) recognising that the spatial and temporal variability of seasonal 

snow cover in glacierised catchments has important implications for the net mass 

balance of glaciers, attempted to simulate the seasonal snow input to Storglaciӓren, 

Sweden using a conceptual model.  They used a snow-wedge model (similar to that of 

Fitzharris & Garr, 1995), to model daily snow accumulation and ablation. This required 

model inputs of daily precipitation and average daily air temperature. Their model is 

simple and therefore relies on several parameters that are taken from other studies and 

not measured in the field.  A linear 10% increase per 100m is applied to precipitation 

(Hock & Noetzli, 1997) and a temperature  lapse rate of 0.65°C (100m)-1 (Barry & 

Chorley, 1987). Results were calculated for each 100m elevation band within the 

catchment and the threshold temperature (rain-snow) was set to 1.5°C (Hock, 1999). A 

degree day approach is used in the calculation using a DDF of 5.5 – 6.5 °C-1 d-1. It is 

important in a study that is so heavily based on assumptions that the model is correctly 

validated.  This was achieved by mapping the snow cover from remotely sensed images 

(aerial photographs and Advanced Space-borne Thermal Emission and Reflection 

Radiometer (ASTER) images) and a geo-referenced DEM of the catchment.  The snow 

line altitude was obtained for each image which was compared to the snow line 

elevations produced by the model. The DEM was used as a topographical reference so 

that an accurate elevation of the snow line could be given (Hannesdóttir et al., 2014). 

Where discrepancies were identified between the modelled results and the observed 

data, the degree-day factor was lowered or raised and the model was run again. 
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Although this method neglects the potential wind distribution of snow (which may be 

very important in high mountainous catchments), it nonetheless produced a good 

agreement between modelled and measured snow values. The strong advantage of the 

method is that it has very small data and computation requirements which enable 

measurements to be made remotely, yet it does not take into account the fact that it is 

unlikely that the temperature and precipitation gradients will remain constant within a 

glacial environment (Hock & Noetzli, 1997). 

Potential radiation and index of wind sheltering have been found to have the greatest 

effect on predicted snow depths (Erickson et al., 2005) and a number of studies focus on 

the accurate determination of the distribution of snow and snow water equivalent 

(SWE) as well as the discharge (Erxleben et al., 2002; De Jong, 2005; Molotch et al., 

2007; Christensen et al., 2007.  Most studies of the distribution and ablation of snow 

cover are limited by a paucity of high elevation meteorological stations as well as more 

information on avalanche activity (Paul & Kotlarski, 2010), sublimation and wind drift 

(Salzmann & Mearns, 2012). De Jong et al. (2009) argue that these factors are 

important in understanding the contribution made by snow to current and future 

prediction of stream-flow, requiring a multidisciplinary approach that includes field 

measurements, automatic weather stations, snow pillows, modelling (Hock, 2003) and 

remote sensing (Marcus & Fonstad, 2008). 

Pomeroy et al. (2004) found that variability in melt rates could be attributed to different 

land use classes in a catchment in Yukon Territory, Canada. Therefore the snow 

exposed to windswept tundra produced different melt rates to snow in sheltered 

tundra/forest regimes. They argue that the variability of melt rates are scale-and 

landscape-class specific and this needs to be considered when describing snow 
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accumulation and ablation. In order to follow the method in this paper detailed site 

surveys and regular snow depth measurements are necessary.  

Hock (1999) uses the same method to model snow melt as to model ice melt with an 

approach that incorporates a radiation index in terms of direct solar radiation at the 

surface and incorporating topographical effects such as slope, aspect and effective 

horizon. Yet the initial snow cover on the glacier is determined by ablation stake 

readings and manual probing across the glacier and several density pits. The measured 

amount is then interpolated by using a fixed temperature divide to separate rain and 

snow precipitation. This precipitation was distributed over the surface using a kriging 

interpolation (this is a statistical method of interpolation that predicts the value of a 

function at a given point e.g. precipitation at a weather station, by computing a weighted 

average of the known values of the function in the neighborhood of the point).  

However in common with the other snow-based ablation studies described in this 

section, this model does not take into account the changing density of the snow pack 

with depth and how this can alter the results of the SWE calculation. The labour-

intensive collection of initial snow depth data also could have been avoided by using the 

past precipitation and temperature records to ‘spin-up’ the snow in the (virtual) 

catchment so that a plausible value for snow depth could be used to start the simulations 

of melt runoff (Beven, 2001). The labour intensive field work could then be saved for a 

period of validation to test the accuracy of the modelled results. 

2.1.3 Methods to distribute rainfall over a catchment 

The topographic precipitation gradient produces a highly variable amount of 

precipitation in mountainous regions (Jóhannesson et al., 2007). In common with other 

mountainous countries, in Iceland orography is found to be crucial in determining the 

precipitation amount and timing (Chiao, 2004: Buzzi et al., 1998). However most rain 

gauges are located in the lowlands (operated by Veðurstofa Íslands) which make current 



36 
 

and future modelled understanding of its distribution and amount difficult. However this 

has not deterred many researchers from attempting to quantify potential changes, under 

the assumption that precipitation will vary under human-induced climate change 

(Førland & Hanssen-Bauer, 2003; Marsh et al., 2004).  

The MM5 model (Grell et al., 1995) is a dynamical downscaling of the climate. The use 

of such physical models has provided some useful information about the distribution of 

precipitation in Iceland (Rögnvaldsson et al., 2010). The output of the MM5 model has 

been used as input into the WaSiM hydrological model with the aim of simulating 

watershed discharge (Jasper et al., 2002). WaSiM has been used in projects sponsored 

by the Icelandic Energy Company/Landsvirkjun and therefore there is confidence that 

its results are (sufficient and) representative of the best possible understanding using the 

available data. This model will be discussed in greater detail in the following part of this 

review.  The VO project (2007) found that the area average, mean annual precipitation 

in Iceland 1961 – 1990 is in the range of 1650-1800mm y-1.There was no observed 

trend beyond the expected decadal variations. Jóhannesson et al. (2006) found that a 

meteorological station located near Hveravellir (between Langjökull and Hofsjökull) 

may experience a slight (5%) but not significant increase in total precipitation 

(Bergström et al., 2007). The Nordic Climate and Energy Systems Project (CES) expect 

an increase by 10% in precipitation in the Nordic regions throughout the next century.  

The most extensive predictions are provided by Rummukainen et al. (2006), who state 

that a relatively large change will occur in the seasonal cycle of precipitation. They 

predict that autumn will become wetter and spring become drier. In winter there will 

also be some decrease in precipitation but only in the south-west; precipitation will 

increase in the north-east. The mean topographical precipitation gradient is shown to 

increase somewhat but the mean annual precipitation changes little in the lowlands 
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(Fenger, 2007). A projection for the 2021 - 2050 period in two catchments (Sandá í 

Þistilfirði, NE Iceland & Austari-Jökulsá, N Iceland) showed a precipitation increase of 

16% and 3% respectively (Einarsson & Jónsson, 2010b). Therefore precipitation 

changes in the coming decades remain very uncertain in Iceland, both in terms of 

absolute change and the seasonal and spatial distribution. Currently the southern slopes 

of Vatnajökull receive the highest precipitation of the icecaps, between 4000 -

5000mm/yr., most of which falls as snow (Guðmundsson, 2009).  

Given the figures that can be predicted about the amount of precipitation in an area and 

how it is likely to change, how then is this information projected to the catchment scale 

without losing the natural variability inherent in its distribution over mountainous areas? 

Crochet et al. (2007) estimated the spatial distribution of precipitation in Iceland using a 

linear model of orographic precipitation. This model is data-intensive and required 

airflow dynamics, condensed water advection and downslope evaporation. It was driven 

by a coarse-resolution set of data taken over 40 years by the European Centre for 

Medium-range Weather Forecasts. Although the results show good agreement with 

precipitation observations in terms of magnitude and distribution they can only provide 

long term average monthly and annual maps over a large spatial scale. Given the 

observed variability between catchments it is unlikely that the model can generate 

accurate enough results to model the water budget of one small glaciated catchment.  

Jakeman & Hornberger (1993) argued that a simple model can do just as good a job of 

representing measured values in a catchment as a more complex mathematical/physics 

based model. They found that in all seven experimental catchments that the rainfall 

runoff response was well represented using a simple linear model. Indeed, Smith et al. 

(2004) argues that the lack of improvement in precipitation representation from using 

distributed models could be attributed to errors in data, model structure or even model 
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parameters (Koren et al., 2003; Carpenter et al., 2001; Carpenter and Georgakakos, 

2004). Therefore these many elements, combined with computation, may magnify, 

rather than smooth errors in high-resolution rainfall data. This is why it is not often that 

a distributed model (like that of Crochet et al., 2007), outperforms a well-calibrated 

‘lumped’ linear model. Evidence suggest that a distributed approach to rainfall 

calculation does not always give improved catchment runoff simulations (Reed et al., 

2004) and that simplicity in the computation of catchment precipitation inputs is 

preferable, particularly for small to medium scale areas. 

Faurés et al. (1995) studied the small scale variability of rainfall and its impact on 

runoff modelling and found that wind direction and velocity have a relatively small 

impact on peak rate and runoff volume, yet the spatial variability of precipitation can 

translate into large variations in runoff. Their findings indicated that if distributed 

catchment modelling is to take place even at a small scale, knowledge of the spatial 

rainfall variability on the same scale is required. Therefore a single rain gauge with the 

standard uniform rainfall assumption can lead to large uncertainties in runoff 

estimation. They recommend using four well-distributed gauges at a scale of 5 ha. 

A good method of distributing rainfall when there is access to three or more gauges is 

through a kriging analysis. Kriging is a method of interpolation where the value at any 

given point can be computed using a weighted average of known values in the 

neighbourhood. This is why it is valuable for predicting rainfall variation over a small 

area (Matheron, 1971). This method has been successfully used in mountainous regions. 

Buytaert et al. (2006) analysed the spatial and temporal variability of rainfall in the 

south Ecuadorian Andes. They found that when compared with a similar theissen 

interpolation, kriging performed better and it was demonstrated that the best 

correlations occurred between rain gauges less that 4000m apart. Equally good results 
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were obtained using this method for modelling rainfall over the mountainous island of 

St. Lucia in the Caribbean (Sarangi et al., 2005). A good review of kriging and other 

methods of estimating point to average values at un-gauged sites is given by Creutin & 

Obled (1982). 

2.2 The role of the pro-glacial foreland in catchment hydrology 

The pro-glacial foreland is a region that is often overlooked in catchment modelling 

studies. Given the rapidity of glacier retreat accelerating the development of these areas, 

the number of studies on these regions is limited (Carrivick & Tweed, 2007; Korup & 

Tweed, 2007).  Glacier lakes are another form of water storage within the glaciated 

catchment, their existence depending, like the glacier, on precipitation, the energy 

available for melt but also on the catchment geometry’s ability to attenuate flow. This 

section of the literature review will focus on the known development of ice-cored 

forelands, their hydrological function and the importance of glacier lakes in catchment 

hydrology. 

2.2.1 The development of ice-cored foreland 

Most of the interest in recently de-glaciated terrain has come from a geo-ecological 

point of view. The ecology of plant succession on moraines is a popular topic 

(Matthews et al., 1992). However buried ice in southern Icelandic catchments may have 

a much wider significance. Everest & Bradwell (2003) confirmed the presence of old 

glacier ice beneath debris mantles at Skeiðarárjökull, Hrútarjökull & Virkisjökull. At 

Virkisjökull they conclude that this buried ice has survived for at least 50 years. The 

longevity of the feature is a likely result of the stability of the overlying debris resulting 

in ice melt proceeding very slowly (Evans & England, 1992; Murton, 2000). Similarly 

buried ice landscapes have been observed at Sólheimajökull and glaciers neighbouring 

Virkisjökull (noteably Svínafellsjökull and Skáftafellsjökull) since the onset of rapid 
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deglaciation (Korup & Tweed, 2007). Buried ice is therefore a feature that is likely to 

increase in importance in Icelandic catchments during the next century as glacier retreat 

abandons buried stagnant ice in the foreland.  

Lukas et al. (2005) investigated the formation, melt-out processes and landscape 

alteration of ice-cored moraines in central Spitsbergen. They connected clast size to the 

dominant en-glacial or supra-glacial transport through melt out along flow-lines. The 

main interests in this feature at present remains its implications for landform 

development, not the movement of runoff through the catchment. There are few studies 

available that investigate ice-cored foreland systems in detail or hypothesize as to their 

formation. 

One study based on observations of glaciers in Spitzbergen showed that wide areas of 

dead ice are possible and are linked to features such as kettle holes, collapse structures 

and a meltwater stream emerging as an artesian upwelling indicating significant 

channelized conduit flow beneath the buried ice. Hambrey (1984) stated that channels 

formed within buried ice can be preserved in the long term if under enough material. 

This opens up an interesting possibility that our understanding of the hydrologiy of 

glacier catchments should take into account these hidden pathways. 

2.2.2 Glacial lakes in catchment hydrology 

 The size and number of proglacial moraine and ice-dammed lakes has increased 

globally over the past 50 years (Ageta et al., 2000) due to increasing glacier retreat 

rates. This has resulted in drainage events becoming increasingly more common 

(Jansson et al., 2003). In Iceland sudden releases of lake water are commonly induced 

by geothermal activity as well as ice-cored terminal moraines suddenly draining 

(Björnsson & Pálsson, 2008). However glacier lakes have other effects on runoff 

beyond the risk of short term flooding events. Some lakes are situated in basins scoured 
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by glaciers and are stable because of solid rock spillways. However as glaciers retreat 

and over-deepenings are exposed the formation of proglacial lakes will result in a new 

kind of water storage at the head of a catchment.  Proglacial lakes interrupt meltwater 

flux and modify hydrological routing through suddenly draining. They also provide 

valuable insite into the impact of deglaciation (Carrivick &Tweed, 2013). A good 

summary of the formation of moraine and ice dammed lakes can be found in Korup & 

Tweed (2007). 

Ageta et al. (2000) observed up-valley expansions of proglacial lakes accompanied by 

the corresponding retreat of glacier termini. This response is primarily the result of a 

transition from a melting to a calving glacier terminus, a retreat that is therefore not 

simply related to climate and represents a crossed threshold into a period of rapid 

deglaciation (Kirkbride, 1993).  Therefore an expanding lake has the ability to store 

water which will allow a river to flow during periods of low precipitation or melt. Lakes 

can act as regulators of river flow and are in this way analogous to glaciers (Singh & 

Singh, 2001). Therefore their development and longevity may be of great significance 

beyond an increased risk of jökulhlaup (outbust flooding) in areas with a retreating 

glacier (Tweed & Russell, 1999; Korup & Tweed, 2007). It could therefore be argued 

that a shift in the pattern of river flow will not just be a result of the shift from melt 

controlled to precipitation forced in coming decades but also partially regulated by lake 

reservoirs. This could make some of the dire predictions of dramatically reduced river 

flow marginally less threatening in some areas, particularly where there is a large 

population living in a glacier catchment. For example the Indus River actually 

originates from Mansarovar Lake in Tibet which is partially fed by seasonal snow cover 

as well as ice melt (Yao et al., 2009; 2007). 
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The expansion of ice-marginal lakes has been observed at the outlet glaciers of the 

Vatnajökull Icecap in Iceland by Schomacker (2010). In this paper it is argued that the 

heat-capacity of these lakes actually accelerates ice loss which has been confirmed by 

satellite imagery (Björnsson et al., 2001; Krinner et al., 2004).  A further impact on the 

local area is that lakes act as a trap for sediment which can have knock on effects such 

as increased coastal erosion and river incision into the outwash plains (Jóhannesson & 

Sigurðarson, 2005). Their paper focuses on the changes in geomorphology as a result of 

the expansion of ice-marginal lakes. It does not discuss potential changes in river 

response. 

Jökulhlaup are not confined to Iceland. A study by Riesen et al. (2010) on a glacier-

dammed marginal lake in Switzerland showed that sudden drainage can be common 

from glacier lakes due to either a sudden sub-glacial connection or water continuously 

overflowing and slowly discharging a pro-glacial river. However this is a situation that 

is unique to the glacier studied.  Masetti et al. (2009) in a similar study used in situ tests 

and measurements to reconstruct the path of water recharge and draining as well as 

calculate losses through lake bed sediments at an ice-marginal lake. They concluded 

that the sudden and temporary failure of the ice floor was the only possible cause for 

rapid draining events. There is a great need for more information on the connections 

between newly formed pro-glacial lakes, glaciers and their outwash streams. 

2.3 Representing glacier runoff in hydrological modelling 

This section will summarise a number of methods to model the glacial contribution to 

the hydrology of mountainous catchments. These studies have focused on the 

connection between glacier runoff and stream flow as well as the changes that can be 

expected under changing climate and glacier extent. Older studies have relied on 

lumped, linear models and in many cases have been very successful. However recently 
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there has been an increase in the number of distributed hydrological models that 

combine glacier mass balance modelling into their internal processes allowing the 

simultaneous prediction of river change with simulated glacier retreat. 

2.3.1 Traditional modelling techniques 

Nolin et al. (2010) presented a simple study providing an approach for determining 

glacier runoff contributions to stream-flow and estimating the effects of increased 

temperature and decreased glacier area on future runoff. By combining field 

measurements with satellite imagery and conducting a temperature index model of the 

melt on the glacier surface, adjustable depending on the ice extent, they found that 

increased temperature leads to a rapid glacier melt and therefore increased stream-flow. 

However the consequences of glacier recession overcome this effect, ultimately leading 

to a substantial decline in stream-flow. A similar pattern would be expected to occur at 

Virkisjökull. 

Lundquist (1982) used a combination of linked and parallel reservoirs in order to model 

runoff from a glacierised basin to simulate diurnal runoff variations. Although this 

model also includes a simple routing procedure for internal glacial drainage, it relies 

heavily on air temperature at only two different altitudes to generate its results. This 

means that this model can demonstrate a strong connection between glacier and snow 

melt and river runoff, but does not consider the effect of rainfall events on this 

relationship. This was common in older glacier-hydrological investigation where there 

was less of an interest in whole catchment understanding. For example, Oerter et al. 

(1981) used a similar model to the one described above, however it contained four 

parallel reservoir functions whose value was determined only by the results of former 

experiments. The interpretation of the results relies on a qualitative analysis of the 

characteristics of the discharge components. 
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Hopkinson & Yong (1998) improved on this method whilst still keeping the modelling 

relatively simple when they modelled the effect of glacier wastage on the flow of Bow 

River in Alberta. They used a surface area/volume relationship. This connected the 

changing glacier volume (relative proportions of glacier cover in the basin) to changing 

water yield in the river. In this way they could calculate the direct input from glacier 

wastage which tended to confirm that the glacier has a regulatory effect on stream flow, 

yet during some years this can be aggravated by water being held in glacial storage. 

The majority of earlier studies focused on the relationship between temperature and 

river discharge in glaciated and snow-dominated catchments as opposed to the impact of 

changes in precipitation (Hock et al., 2005). This is because air-temperature increases 

predicted by current climate models (that are forced by anthropogenic increases in 

greenhouse gases) contain a high degree of confidence in comparison to predictions of 

precipitation (Cassassa et al., 2009). One of the most extensive studies looked at the 

discharge of rivers draining basins between 0 -70% ice cover in the upper Aare and 

Rhǒne catchments alongside climate records from the mid-19th century to 2006. This 

was in order to assess the effects of climate warming on runoff from glacierised basins, 

coupled with glacier recession (Collins, 2008; 2006). It was found that the greater the 

basin ice-cover, the more runoff is influenced by thermal conditions, whereas in non-

glaciated catchments runoff was controlled entirely by precipitation.  

However as conceded by Fountain & Tangborn (1985) the effect of glaciers on runoff 

variations are often unexpected. Glaciers are not simply the main water input to the 

catchment but also can act as a delay to seasonal flow, or even decrease annual and 

monthly variation in runoff. This can be difficult to represent in a simple linear reservoir 

model. However that is not to say that there is not a clear causality between climate and 

hydrology, it is just that the simplicity of predictions within older studies can often 
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provide explainations that are too simplistic (Christofides & Koutsoyiannis, 2011). 

Current research into climate change provides evidence of the impact on snow and ice 

dominated regions and there is a demand for predictions of the timescale of such 

changes. (Barnett et al., 2005; Kundzewicz et al., 2008). This is forcing the 

improvement of catchment management within mountainous glacier areas. 

In Iceland for example,  Aðalgiersdóttir et al. (2006) found that the runoff maximum 

from glacierised catchments  (described in Cassassa et al., 2009 as the critical point) 

will be reached between 2075 – 2110. Other models of glaciers in Cordillera Blanca 

(Peru) show similar patterns with the critical point predicted to occur even earlier 

between 2025 – 2050 (Pouyaud et al., 2005; Juen et al., 2007). During this period of 

retreat there is expected to be a shift in the peaks of stream flow alongside an increased 

variability of seasonal runoff for water supply. It is anticipated by some that it may also 

result in an enhanced flood risk (Dyugerov, 2002; 2003; Huss, 2011). 

2.3.2 Distributed and computer-intensive modelling 

The previous section has highlighted the need for an improved catchment-scale 

understanding of the changes expected in the coming century. The value of a catchment-

scale study as opposed to the large-scale country wide runoff modelling that has mostly 

taken place in Iceland (Bergström et al., 2007; Jóhannesson et al., 2007; Rummukainen 

et al., 2007), is that it allows the assumptions about the response of individual glacier 

catchments to climatic changes to be tested. It has been shown that mountainous glacier 

catchments can be very sensitive to climatic forcing (IPCC, 2007) and so studying them 

in this way will give an insight into how representative countrywide modelling actually 

is.  The Virkisjökull catchment allows the consideration of other factors beyond changes 

in temperature and precipitation that may have a significant effect on the expected trend. 

These are hydrological changes such as the development of the lake in an over-

deepening (Singh & Singh 2001), changes in the rate of catchment response due to 
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increasing altitude of the glacier terminus over time and the river’s interaction with the 

groundwater reservoir (Robinson, 2009).  

Historically there has been a restricted range of approaches in coupled glacier catchment 

hydrological studies such as those described above; however more sophisticated 

methods have been developed due to the need to understand the glacier response to 

climate change and the implications of this response for the provision of regional water 

and power resources (Sharp et al., 1998). Releases of melt water during deglaciations 

have the potential to cause major changes in continental hydrology globally, particularly 

in areas with extensive ice sheets and mountain glaciers (Sharp et al., 1998). 

Traditionally glacier hydrology papers have not been published in hydrological 

literature and so the contribution of glacier hydrological changes to developments in 

catchment hydrology has taken until relatively recently to make its way effectively into 

catchment hydrological models (Sharp et al., 1998). Recent advances in distributed 

catchment models that include designated glacier modules, have reflected the increased 

interest in the interaction between the glacier and hydrological realms and constraining 

the linkages between then in order to answer a number of important hydrological 

questions. These questions include flood and natural hazard forecasting (Cameron et al., 

2000; Lamb & Kay, 2004), hydropower (Bergström et al., 2001; Schaefli et al., 2007) 

and general water resources in individual basins (Singh & Bengtsson, 2005; Christensen 

& Lettenmaier, 2007) and on a global scale (Barnett et al., 2005; Viviroli et al., 2007). 

The study of integrated catchment changes relies frequently on intensive case studies 

which demand labour and capital-intensive monitoring in which several interdependent 

variables are measured simultaneously, as is the case in the BGS-operated Virkisjökull 

catchment.  Research in this field requires close integration of research projects, 

numerical and statistical modelling and the development of new theories to be tested. 
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Field studies such as this can provide new observations as well as the data that are 

essential for the initialisation and parameterisation of models. Models can then be tested 

to show that they reflect the actual drainage system (Sharp et al., 1998). There are 

several up-to-date spatially distributed models that lend themselves to this kind of study. 

These require a large data set but provide more detailed outcomes than the simple 

statistical models described earlier. 

In general, spatially distributed modelling has become an established tool for modelling 

components and changes in environmental systems, especially in the last decade. Of the 

uses of these models, the hydrological cycle has been of great interest due to its 

connections between geology, ecology, atmosphere and society (amongst others) all of 

which are integrated into a single runoff response (Viviroli, 2009). This review will not 

repeat the very good summaries of all the current models that are available (Singh & 

Woolhiser, 2002; Reggiana & Schellekens, 2006; Viviroli, 2009; Todini, 2007) but will 

summarise those that are most relevant to the aims of this project.  

Mountain catchments are especially challenging to model due to the high variability of 

the components and the temporal and spatial climatic variations (Klemeš, 1990; Gurtz et 

al., 1999; Weingartner et al., 2007). The first attempt to simulate the various 

components of the hydrological system and integrate them into a single model was the 

Stanford Watershed model (Crawford & Linsley, 1966). This was a ‘lumped’ process-

orientated model and represented landscape units as interconnected reservoirs for which 

hydrological fluxes and storage were computed and the mass balance between them 

solved. Since this early model, there has been the development of a large number of 

physically-based and distributed modelling tools e.g. SHE (Systéme Hydrologique 

Européen) (Abbott et al., 1986) and TOPMODEL distributed simulation tool (Beven & 

Kirkby, 1979). More recently there has been the development of much more 
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sophisticated models such as WaSiM-ETH (the Water Balance Simulation Model), 

which is fully distributed with a highly physical description of hydrological processes 

(Klok et al., 2001; Schulla et al., 2007). Other notable models in this development 

include TOPKAPI (Topographic Kinematic Approximations and Integration model) 

(Liu & Todini, 2002); GSSHA (Gridded Surface/Subsurface Hydrological Analysis 

model); and finally PREVAH (Precipitation – Runoff – Evapotranspiration HRU 

model). Both PREVAH and WaSiM will be discussed further as they both include 

extensions which specifically concern distinct glacier storage modules for firn, snow 

and ice melt as well as groundwater modules. 

WaSiM (formally known as the WaSiM- ETH) is a distributed, deterministic and 

mainly physically based hydrological model (Schulla, 2012). It uses constant time steps 

on a regular or irregular model grid (raster). WaSiM is suitable for long-and short-term 

simulations and can answer a number of hydrological questions. This is dependent on 

the available input data and the hydrological problem it has to deal with. It also allows 

the simulation of runoff regime of river catchments in virtually any spatial and temporal 

resolution (Verbunt et al., 2003). This model has been used successfully in other studies 

in Iceland and elsewhere to address a variety of hydrological problems (Einarsson & 

Jónsson, 2010a; Jóhannesson, 2009). These include sensitivity studies regarding climate 

change impacts on water balance and runoff regime of alpine river catchments; the 

development of appropriate strategies for sustainable water management in arid and 

semi-arid regions (Verbunt et al., 2003); forecasting extreme runoff events by using 

predicted data from future meteorological models (Jasper et al., 2004), and the 

comparison of annual and monthly runoff and its components and their altitudinal 

dependence (Gurtz et al., 2003).  For these purposes it is considered the most detailed 

and accurate model. However, it has been argued that the PREVAH model is similar in 

purpose yet superior in its usability. 
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PREVAH is a semi-distributed hydrological model that has a conceptual, process-

oriented approach. In contrast to the more physically-based WaSiM that uses a grid-

oriented computation of the water balance elements, PREVAH is designed for operation 

in catchments where calibration data is limited and it is based on hydrological response 

units (HBV model, Bergström, 1976). Specifically it has been used successfully for 

water balance investigations (for which it was primarily designed); flood estimation 

(Viviroli et al., 2007); flood forecasting (Zappa et al., 2008) and the analysis of single 

flood events. Of these studies, the main focus of the model’s applications has been in 

Switzerland. However it has also been used in other parts of Europe, China, USA and 

the Southern Himalayas (Viviroli et al., 2007). It requires very extensive meteorological 

data at a high temporal resolution, but the most important data input and output are 

easily imported using a standard GIS or data processing program. This is largely due to 

the user-friendly interface, which is arguably the greatest benefit of using this model 

over any other. However, because of its conceptual design, more sophisticated analysis 

concerning reliability and uncertainties of the data (that have been proposed by 

Wagener et al., 2003) are beyond the scope of PREVAH. Small catchments (<10km2) 

are not well represented by the model for the same reason, or by the hourly time-step 

that it uses. Very large catchments (>1000km2) must be broken into a number of linked 

sub-catchments. This model is also not ideal for land-use change studies due to the 

requirement to re-process spatial data. This could affect the results in a landscape with a 

retreating glacier front. 

However, these models are not without difficulties and neither can fully constrain the 

complexities of the de-glaciating catchment because they necessarily simplify the 

complex processes taking place by transposing real life interactions in the environment 

into mathematical averages. For example, neither model has the ability to take into 

account both modes of de-glaciation that have been identified in South Iceland. The first 
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stage (when the glacier snout recedes) is the traditionally understood form of de-

glaciation that is represented in these models. However the secondary stage (when 

buried ice which has survived under thick layers of sediment melts) is not considered, 

yet it may also have an impact on the catchment hydrology (Everest & Bradwell, 2003). 

In the case of the Virkisjökull catchment the most significant impact this may have is on 

the lake bathymetry. The lake is currently ice-floored (see Fig. 2.1) and there are no 

measurements of the speed at which this ice core will melt. Furthermore a comparison 

between PREVAH and WaSiM showed that both yield comparable results for discharge 

in spite of their conceptual process representation differences. However WaSiM was 

superior in its separation of the components of runoff which strongly depends on the 

formation of the modules for runoff generation. The greatest advantage to the PREVAH 

model is its usability, however thanks to its transparent data structure, its pre and post 

processing tools can also be adopted for modelling within the WaSiM framework 

(Viviroli et al., 2009; Gurtz et al., 2003).  

 

Figure 2.1 Showing the ice-cored foreland and lake in its current state as understood from field 

observations. 

 

2.3.3 Methods of representing glacier dynamics within a model framework 

Einarsson & Jónsson (2010a) used a simplified version of WaSiM that assumes 

unchanged glacier geometry. This greatly simplified the model and its data input 

requirements. However given the speed of retreat of Virkisjökull and the collapse of the 
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lower margins (and its control on the routing of melt water), their method is not 

sufficient. At the other extreme, a full mass balance model could be constructed but 

such an approach is beyond the scope of this study. Due to time constraints, there is a 

need for a simple runoff model of glacier catchments without detailed mass balance and 

dynamic modelling, that still takes into account changes in glacier volume, altitude and 

extent. The simplified version of the glacier module described in the earlier version of 

WaSiM (2007) effectively assumed an inexhaustible reservoir of ice with an unchanged 

altitude distribution. This leads to an unrealistic contribution of melt water into the 

catchment from the glaciated area, particularly for long term hydrological predictions 

under a changing climate. Jóhannesson (2009) developed an improved method to 

include glaciated areas in the WaSiM model.  Verbunt et al. (2003) used the WaSiM 

model to simulate the melt rate of glacierised areas and discharge of three catchments 

(Massa, Dischmabach & Rhone) each with varying percentage of glacier cover (69.4%, 

47.2% & 2% respectively). Therefore the size of the glacier can be accounted for by 

simply adjusting the number of glacier ‘cells’ in the model and assuming set percentage 

glacier cover into the future based on previous predictions of reduced glacier cover with 

known temperature increase predictions.  

2.4 Investigations of the connectivity of hydrological networks 

The location and magnitude of water stores and pathways within a glacierised 

catchment and their relationship to one another changes and evolves in a systematic 

manner over the course of the melt season. This happens regardless of whether the 

glacier is in a retreating phase or not. In an attempt to unravel these transient and 

complex linkages several researchers have divided the stream flow record prior to 

analysis (Hannah et al., 1999; Swift et al., 2003; Braun et al., 2000). These studies 

attempt to interpret the proglacial hydrograph in light of specific patterns of response 

when the runoff is forced by particular inputs e.g. snow/ice melt, precipitation, and 
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drought. This has been used to explore the evolution of particular processes e.g. 

changing temperature/precipitation on river flow (Braun et al., 2000); trends and 

fluctuations in specific years (Hannah et al., 1999); and the impact of changes on 

erosion rates and sediment yields (Swift et al., 2003). A similar approach that builds 

specifically on the methods used by Swift et al. (2003), analyses the daily recession 

curve of a pro-glacial river during the ablation season in order to characterize the 

distinct period of melt based on the shape of the diurnal hydrograph (Jobard & 

Dzikowski, 2006). Their study assumes the annual development of the structure of the 

glacial drainage network is as the development of a karst system over a geological time 

scale. This cannot be assumed to be completely representative of the state of glacial 

drainage on Virkisjökull due to its fast collapse.  

The above approaches enable an understanding of the responsiveness of the river to 

changes in temperature and precipitation but do not sufficiently take into account the 

effect of seasonally changing drainage, storage and the buffering effect of a pro-glacial 

lake system (Ward et al., 1999). Hannah et al. (2000) developed an objective method of 

hydrograph classification, one which relies less on visual interpretation. It uses a 

combination of principle components and cluster analysis which is applied to the 

proglacial discharge time series and daily bulk flow indices. Their method allows the 

possibility of studying the variation in the location and response of hydrological stores 

as there is a systematic decrease in the percentage of the total catchment that is glaciated 

(Fountain & Tangborn, 1985; Gurnell, 1993). This ability to take into account water 

stores as well as transfer is important in a catchment study. Further to this, groundwater 

interacting with and contributing to surface water flow in pro-glacial rivers have been 

well-documented (Ward et al., 1999; Collins, 1981; Collins & Young, 1981). This 

relationship has also been shown to vary throughout the year and depending on the 

prevalent weather conditions (Sophocleous, 2002). 
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These types of study mainly focus on changes occurring in alpine basins (Swift et al., 

2003). Those in northern basins tend to focus specifically on the assessment of changes 

in precipitation or snow cover and as a consequence their effect on river flow (Young et 

al., 2006). These studies recognise the inherent difficulties in modelling precipitation 

within catchments and are actively searching for solutions. Examples of recent work are 

from Norway (Førland & Hanssen-Bauer, 2003), Greenland (Helweg, 2004) and 

Canada (Marsh et al., 2004; Young & Woo, 2004).  

This section will now review other common methods of investigating hydrological 

connection in a glaciated catchment, most importantly dye tracing and stable 

isotope/geochemical investigations. 

2.4.1 Water movement through glaciers and dye tracing experiments 

Surface melt water produced from an ablating glacier surface is transported down 

through an internal drainage system principally by moulins and crevasses (Figure 2.2).  

 

Figure 2.2 Surface meltwater and pathways to the bed. Figure taken from 

www.antacticglaciers.org 

 

The characteristics and evolution of the path of melt water through a glacier has been 

the focus of many investigations due to the influence this can have on the hydrological 

http://www.antacticglaciers.org/
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regime of the catchment and its daily and seasonal variations (Mernild, 2006) and 

represents one of the central problems in glaciology (Boulton et al., 2007). Shreve 

(1972) reported that the behaviour of glacial passages is controlled by: the system 

continuously adjusting to fluctuations in melt water (due to seasonal variations in 

temperature/ precipitation); the direction of water movement, determined by ice 

pressure and slope of the surface as well as bed topography; and the tendency for the 

network of passages to become aborescent (branching) over time. The glacier drainage 

system is strongly connected to glacier flow dynamics due to the variations in basal 

water pressure either enhancing or reducing basal sliding. Indeed the stagnation of ice 

during a rapid retreat cycle has recently been attributed to the rapid structural 

adjustment of conduits and faults that are fed by melt water sources (Philips et al., 

2014). There are therefore two major functional paths through which water flows 

through temperate glaciers. Firstly there is a strong canalised conduit system. This 

allows large water fluxes and turbulent flows to discharge through channels which 

decrease water pressure with increasing water flux (Röthlisberger, 1972). Secondly 

there is the distributed form of flow system in which water is drained by a thin film at 

the bed (Weertman, 1973). This can occur through linked cavities of irregular bedrock 

(Kamb, 1987), channels through sub-glacial sediments (Walder & Fowler, 1994) and by 

groundwater flow through sub-glacial materials (Boulton & Hindmarsh, 1987). 

Ultimately the distributed system is slower than the channelized system. The movement 

of water beneath a temperate glacier is not static and develops with changes in season 

and the resulting changes in meltwater production (Nienow et al., 1998), (Figure 2.3). 
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Figure 2.3 The difference between a distrubted and channelized conduit system. Figure taken 

from http://www.aber.ac.uk/greenland/Russell.shtml. 

 

Beyond climbing into crevasses and moulins (Benn et al., 2009; Vatne, 2001), 

investigating the form of the sub-glacial hydrological system can be performed 

indirectly by injecting a tracer (commonly today these are fluorescent dyes) into surface 

meltwater inputs (typically moulins or crevasses) and detecting the resulting dye return 

curve at a suitable output monitoring site within the catchment.  The earliest tracer tests 

on glaciers were carried out on Storglaciaren and Mikkaglaciaren in Sweden (Stenborg, 

1969) and required the use of a conductivity meter to detect a salt tracer. Since then 

tracing with dye has become more common (Krimmel et al., 1973; Theakstone & 

Knudsen, 1981; Behrens et al., 1975; Collins, 1982). The most common dyes used are 

Rhodamine WT and Sodium Fluoresceine (also called Uranine). Both dyes have a low 

toxicity and have been demonstrated to have negligible impacts on the environment 

(Smart & Laidlaw, 2010 Field et al., 1995; Behrens et al., 2001; Maurice et al., 2010). 

Their detection in water relies on the ability to separate the wave length signal of the 

dye from that of the water. Yet difficulties can arise when suspended sediment is 

present in the water. Rhodamine is susceptible to sorption onto sediment (Bencala et al., 

1983) resulting in loss of tracer. Sodium Fluoresceine is sensitive to an artificially 

raised detection rate due to sediment fluorescing at the same wavelength as the dye 

(Smart & Laidlaw, 2010).  

http://www.aber.ac.uk/greenland/Russell.shtml
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Flow velocities (calculated from measured travel times and straight line distances) of 

several tracer tests typically fall between 0.2 and 1.5 m s-1 (Stenborg, 1970; Krimmel et 

al., 1973; Behrens et al., 1975; Theakstone & Knudsen, 1981; Collins, 1982). Table 2.2 

summarises the findings from other tracer tests on a range of different glaciers. 

Typically the flow velocity is dependent on the character of the flow pathways through 

which the meltwater has travelled. Rapid transit velocities of > 0.2 m s-1 are indicative 

of flow through efficient channelised drainage systems (Moser & Ambach, 1977; Lang 

et al. 1979; Burkimsher, 1983); whereas, lower velocities are interpreted as flow 

through less efficient or distributed systems (Iken & Bindschadler, 1986; Kamb, 1987; 

Willis et al., 1990). 

Table 2.2: Summary of the findings from previous dye tracer studies through glacier conduits. 

Velocity 

(m s-1) 

Time to 

peak (mins) 

Distance 

(km) 

Number of  

successful tests 

Glacier Region Publication 

0.2 - 1.5 No number No number 57 Pasterzengletscher Austria Burkimsher 

(1983) 

0.008 - 0.228 No number No number 15 Midtalsbreen S. Norway Willis et al. 

(1990) 

0.085 – 0.157 75 - 255 Various 16 Brewster glacier New 

Zealand 

Willis et al. 

(2009) 

0.047 - 0.32 35-485 0.485-3.335 No number South Cascade USA Fountain 

(1993) 

0.07 - 0.72 20.35 – 39.60 3.3 415 Haut Glacier 

D'Arolla 

Switzerland Nienow et 

al. (1998) 

0.04-1.49 No number 1.5-14 43 Leverett Glacier Greenland Cowton et 

al. (2013) 

0.6 – 1.7 23.7 - 189 2.1-4.3 12 Gangori glacier Himalaya Pottakkal et 

al. (2014) 

0.07 – 0.88 45 -240 0.6 9 Rieperbreen Svalbard Gulley et 

al. (2012a) 
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The dispersion of a tracer can be investigated by analysing the tracer breakthrough 

curve. The shape of the breakthrough curve therefore provides evidence for an 

interpretation of the structure of the flow pathway that was taken by the melt water. This 

is commonly achieved by calculating the dispersivity (d): 

 𝑑 = 𝐷/𝑢 

 

(2.3) 

(Hubbard & Nienow, 1997; p943). Where D (m2 s-1) is the dispersion coefficient and u 

(m s -1) is the rate of advection of the dye during transit through the system. In general if 

d > 10 this reflects a more dispersed tracer return and therefore an inefficient drainage 

pathway. Whereas if the breakthrough curve is more peaked and d < 10, flow has been 

through a more efficient pathway (Burkimsher, 1983). In some breakthrough curves 

there are irregularities or multiple peaks and these have been interpreted by Collins 

(1982) to indicate flow divergence in the drainage pathways. 

According to Theakstone & Knudsen (1981) if less than 50% of the tracer injected is 

not recovered during detection, this indicates that the tracer has been lost or stored 

within the glacier drainage system. This would indicate a complex system rather than an 

efficient channelized one. Yet Nienow (1993) invites caution in interpreting the 

structure of the sub-glacial drainage system using tracer recovery rates due to the 

complicating effects of sediment in suspension (as previously discussed).  

Although many researchers have undertaken a number of large scale and comprehensive 

tracer tests on many glaciers there is a shortage of such work that has been conducted 

within Iceland. The literature appears to lack reports of studies that have traced through 

the pro-glacial ice cored area of a de-glaciating foreland.  A key dye tracer experiment 

investigated the glacier-hydrological system at Pasterzengletscher in Austria 
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(Burkimsher, 1983).  This is a valuable study as repeated tracer tests showed that 

throughflow velocities varied by an order of magnitude during a single day; inviting 

caution when interpreting variations in dye tracer results to be as a result of seasonal 

changes in drainage. Additionally maximum velocities appeared at times of peak 

discharge to which channels adjust in size over a matter of days to a few weeks. Other 

studies have also stated that it can be misleading to assume an accurate representation of 

sub-glacial drainage evolution based on a small number of seasonally-distributed tests 

(Schuler et al., 2004). However previous studies in the Virkisjökull catchment have 

provided evidence for the movement of water exploiting thrusts that are evidenced by 

the inward collapse of moulins on the surface (Phillips et al. 2013). Ground Penetrating 

Radar surveys on both the glacier and foreland area have indicated the presence of a 

main conduit open in both the April and September months (Philips et al. 2014). 

Therefore this project can provide an indication of its significance and impact on the 

catchment hydrology at the start and end of the ablation season without having to 

confirm its existence and extent using tracer tests alone.   

Willis et al. (2009) used a combination of ground penetrating radar (GPR) and dye 

tracing to investigate the sub-glacial drainage system structure and morphology of 

Brewster Glacier in New Zealand. It was found that the glacier is underlain by a 

channelized system which develops throughout the summer to become more 

hydraulically efficient. This required an extensive set of dye tracer tests (16 in total) 

from 12 different locations over the course of an entire melt season. This study 

successfully connected the rate of water movement through the glacier at different 

locations to the form of the sub-glacial system (which develops from distributed to 

channelized drainage as the ablation season progresses). 
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Dye tracer tests, when appropriately designed for a specific purpose, do not have to be 

as extensive at those of Willis et al. (2009) and Burkimsher (1983). Mernild (2006) 

conducted only 8 dye tracer tests from 5 active moulins during the last part of the 

ablation period on the lower ablation zone of Mittivakkat Glacier in SE Greenland. 

These tests were sufficient to confirm that the internal drainage system consisted of two 

distinct paths, an efficient (rapid) drainage system and an inefficient distributed (slow) 

system. All the information about the structure of the internal drainage system was 

based on the shape of the dye tracer return curve; the transit velocity; the dye recovery 

rate; and the dispersivity. 

Other notable dye tracing studies include the differences between the eastern and 

western sides of Midtdalsbreen, Norway (Willis et al., 1990; 2012); the connection 

between the morphology of the drainage system and the retreat of seasonal snow cover 

on the ice surface of Haut Glacier d’Arolla (Nienow et al., 1998); And the variability of 

sub-glacial drainage over a number of discharge cycles on Unteraargletscher, 

Switzerland (Schuler et al., 2004). Studies have also been conducted on a large (14km) 

scale on poorly understood ice sheet sub-glacial drainage networks in Greenland that 

show the seasonal development of channels alongside an increased efficiency of melt 

water transmission though the system (Cowton et al., 2013). 

2.4.2 Water movement through the catchment and stable isotope and geochemical 

investigations 

The measurement of the isotopic composition and geochemistry of water in various 

parts of the water cycle enables the identification of different water masses and provides 

the opportunity to trace their interrelationships (Gatt, 1996). Isotopic concentration is 

often magnified in glacial environments as the chemical weathering rates are high and 

the anthropogenic influence is often minimal (Brown, 2002). Similar to dye tracing 

experiments, melt water quality variations can be used as a tool for investigating the 
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configuration and nature of the sub-glacial hydrological system. The different isotopic 

signatures of the seasonal snow cover, old glacier ice and groundwater stored at the 

glacier bed enables a quantitative separation of the individual water components 

discharging at a given time of the day or the season (Stichler & Scholler, 2000). 

Geochemical investigations have been used considerably in groundwater research for a 

wide range of questions including, aquifer recharge (Fritz et al., 1988), travel times of 

component waters (Edmunds & Smedley, 1998), waste disposal (Cherry et al., 1973) 

and groundwater pollution (Macpherson, 1998). 

Comprehensive reviews already exist of suspended sediment dynamics in glacial 

environments that explain in detail the theory behind the method and so this will not be 

repeated here (Brown, 2002; Gurnell, 1987; Hallet et al., 1996; Hodson et al., 1999; 

Hodson & Fergusson, 1999). This section of the literature review will highlight just 

some of the key studies that have taken place in glacial environments using isotopic 

analysis, and discuss the difficulties that were encountered in the interpretation of the 

results. 

Stichler and Schotter (2000) investigated the modification of stable isotopes from 

accumulation to discharge through a glacial landscape in the Alps. They found that the 

isotopic signatures of seasonal snow cover, old glacier ice and groundwater stored in the 

glacier belt could be separated into individual water components for any given day or 

time of the season. However they concede that in order to provide a more quantitative 

approach the simultaneous measurement of isotopes (Deuterium and Oxygen-18)  is 

required, alongside comparing the data with isotopes from ice cores, snow pits, all water 

sources (e.g. glacial discharge) etc. on a more regional scale. Therefore they required a 

far more extensive study to confirm their findings. This is because there are still many 

uncertainties in the method regarding the source of the solutes that are measured in bulk 
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runoff. For example Collins and Young (1979) created a two component mixing model 

which used measurements of electrical conductivity and discharge in order to separate 

runoff components at Gornergletcher, Switzerland and Peyto Glacier in Canada. Their 

theory was that as melt water is dilute, if it has moved through the glacier bed via 

moulins it will collect solutes from basal sediments. If it has been routed through ice 

conduits there will be no solutes dissolved in the water component from this source. 

Therefore the measured discharge will contain a proportion of these two pathways. 

Their mixing model does not take into account the chemical reactions that may take 

place once the two sources mix. The main criticism of this approach is that all the 

waters with a high solute load were taken to be part of the same component regardless 

of whether the solute was gained genuinely from contact with basal sediments or 

transferred sub-glacially. The components fluctuated daily depending on water 

pressures and were therefore difficult to accurately separate. Since this study 

improvements have been made to the two component mixing model (Hubbard & 

Glasser, 2005; Burton 2000). Brown et al. (1998) in a study based on Haut Glacier 

d’Arolla  found that up to 67% of the solute concentrations measured in August  could 

be due to post-mixing reactions, thereby overestimating the delayed flow from basal 

channels to an extent that increased as the season progressed. This problem was earlier 

observed by Slatt (1972), who stated that the suspended load concentration is primarily 

controlled by stream conditions at the time of sampling. 

Difficulties also arise in the time it takes to analyse samples. Prolonged contact with 

suspended load (prior to filtration) results in partial dissolution of suspended load which 

releases ions into the water. Slatt (1972) found that, in waters from nine Alaskan 

glaciers, Ca levels were the most changed by this effect and argued that filtering and 

analysis of samples must occur immediately upon collection to allow an accurate 
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determination of the chemical composition of the water. This is naturally a difficult 

prospect in remote Icelandic catchments.   

Robinson et al. (2009) used sulphur isotopes and hydro-chemical analysis to identify the 

solute sources and their implications for weathering processes at Skeiðarársandur in 

Iceland. They found that the hydrochemistry of sulphur in the outwash plain was very 

variable due to a wide variety of sources and processes. They also noted that in the SE 

of Iceland seawater-derived sulphate was in evidence (although this was only a notable 

component of the waters in the lower sandur). Their results were complicated by the 

high frequency of flooding events which produced higher values of isotopes. This area 

is also influenced by geothermal sulphate contributions from the Grimsvötn caldera and 

geothermal springs. Geothermal isotopic signatures could prove to be a huge 

complicating factor in the analysis of Virkisjökull melt-waters, yet there are at present 

no surveys that indicate a geothermal presence below the glacier. Robinson et al. (2009) 

findings show that chemical indicators are sensitive to sources of sulphur and can be 

affected by sulphate oxidation. 

2.5 The influence of deglaciation on hydrological response fluctuations 

and their management 

 This section discusses both the anticipated changes in catchments as a result of 

deglaciation, and ways of managing and mitigating those changes. It uses glacial 

catchments in Iceland and around the world as examples. 

Glaciers cover approximately 11% of the total area of Iceland and store 15 - 20 years’ 

worth of average annual precipitation (Fenger, 2007). They feed the largest rivers in the 

country, providing a third of the total runoff (Björnson & Pálsson, 2008). In the last 

decade there have been a number of studies, both within Iceland (Loftslagsbreytingar og 

áhrif ƥeirra á orkukerfiog samgöngur, LOKS, 2008 – 2011; Veður og orka/ Climate and 
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Energy, 2007) and part of wider Nordic research projects (Climate and Energy Systems 

project, CES, 2007-2011) that have aimed to predict the impact of a changing climate 

on Iceland’s environment. This has led to subsequent studies focusing on the impact 

that changes will have in river runoff (Einarsson & Jónsson, 2010a; Einarsson & 

Jónsson, 2010b; Jóhannesson et al., 2007). The maximum relative runoff increase in the 

next 100 years for all glaciers and icecaps in Iceland is potentially as great as 50- 100% 

with respect to the 2006 runoff from the area then covered by ice (Jóhannesson et al., 

2006). Of greatest concern is the impact that such changes will have on the hydropower 

industry, which represented between 85 – 90% of the total Icelandic energy system by 

the end of 2007 (Jóhannesson et al., 2007). Of particular interest are the changes in 

runoff from glaciated basins located in the highlands as this is the location of most 

current and proposed hydropower stations. Other studies have highlighted the 

challenges to the management of roads, construction of bridges (Jóhannesson et al., 

2006) and even tourism (Orlove et al., 2008; Ólafsdóttir& Runström, 2009) represented 

by these changes. This final section of the literature review focuses on the future. It will 

look in detail at predictions made by previous studies in similar environments and go on 

to discuss management solutions and difficulties that may arise as a result of anticipated 

changes, specifically in Iceland. 

One of the greatest impacts of climate change in glaciated regions is considered to be an 

earlier spring snowmelt of a less extensive winter accumulated snow pack. This will 

culminate in peak river flows occurring more during the spring and winter months as is 

the case in non-glacial catchments (Fountain & Tangborn, 1985). In the Western USA 

the most significant impact of general climate warming is primarily the reduction of 

winter snowpack (Cassassa et al., 2009). This will result in a shift in stream flow 

seasonality which by 2050 is predicted to occur one month earlier in the year (Barnett et 

al. 2005; 2004). This alone does not sound like a dramatic prediction: however, the loss 
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of early spring flows directly into the ocean is perceived as a waste of useable water in 

the highly regulated American water system. The Colorado River is regulated in such a 

manner that there is no current leeway for change in flow timing or amount (Barnett et 

al. 2004). In the Columbia River system residents may have to choose between a 

summer and autumn water release for hydroelectric power or spring and summer 

releases for salmon runs. The river cannot be managed to accommodate both. Therefore 

in highly developed and regulated water systems the change in river flow requires 

change in management based on a cost-benefit analysis, with the economic use of the 

water supply of greatest importance (Hamlet et al., 2006, Christensen et al., 2004; 

Payne et al., 2004, Regonda et al., 2003). 

Similar patterns can be observed in the Alps, yet the consequences of such changes are 

different. The temperature of the Rhine basin is predicted to increase by 1 -2.4°C by the 

middle of next century (IPCC, 2007). This will change the catchment runoff response 

from a combination of melt-and precipitation-induced flow to one that is rainfall-

dominated.  This is expected to result in an increase in the frequency and height of peak 

flows with more frequent low flows in the summer months. Logically this will lead to a 

decrease in water availability for industry, agriculture and domestic use during the time 

of peak demand, the summertime. On the Rhine an increase in the number of low-flow 

days will increase the days that ships cannot be loaded on major transport routes, 

therefore affecting the costs of transport and goods. Additionally, an early loss in the 

winter snow pack will lead to a loss in revenue in the ski season (Barnett et al., 2005; 

Middlekoop et al., 2001). These impacts have been anticipated for a number of years. 

Kasser (1973) studied the drainage mechanisms of the Rhǒne drainage basin between 

1876 and 1968 and demonstrated how closely discharge is correlated with the change in 

the glacier area.  
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In the Himalayan region a high specific discharge from ice melt dominates flow for a 

considerable distance downstream providing a major water resource. Should the 

Himalayan glaciers retreat as rapidly as predicted, water shortages could be widespread 

in the coming decades (Rees & Collins, 2006). However this effect would not occur 

uniformly as snowfall variations in the east will suppress the rate of initial flow increase 

and possibly even postpone the disappearance of the ice (Rees & Collins, 2006). The 

greatest impacts are likely to occur in small, highly glacierised catchments (Singh et al., 

2006). Of concern is the impact that this change could have on the 500 million 

inhabitants of the Indus, Ganges and Brahmaputra flood plains. Flow increases and 

subsequent decreases in the next 40 years could potentially cause widespread water 

shortages (IPCC, 2007). However, the evidence for these dramatic predictions is 

somewhat slim and hence there is a need for more research to be carried out. In this case 

an experimental catchment in SE Iceland is a good starting point to begin answering 

some of these questions 

Past climate fluctuations have shown the sensitivity of the Icelandic glaciers particularly 

to changes in temperature. During the climatic optimum 7,000 years ago, icecaps over 

Iceland disappeared, leaving only small icecaps on the highest mountains e.g. 

Örӕfajökull (Björnsson & Pálsson, 2008). This reflects the fact that the climate was 

approximately 2°C warmer and considerably drier than present (1920 - 2000 average). 

Iceland’s glaciers are partially dependent on their elevation range (Björnsson & Pálsson, 

2008; Guðmundsson, 2009). Present predictions for the coming century follow these 

past changes. Vatnajökull is predicted to disappear after 200 years, with only the small 

glaciers surviving on the highest peaks after that (Björnsson et al., undated). According 

to the model of Jóhannesson et al. (2007) Langjökull will be 15% of its current size by 

2090 and Hofsjökull and Vatnajökull will be 40% (Jóhannesson et al., 2007). By 2190 

Vatnajökull will have reduced to just 1% of its current size and what remains will be 



66 
 

situated over Örӕfajökull (the mountain icecap from which Virkisjökull descends). This 

is because the high snow falls and elevation of the Southern outlet glaciers such as 

Virkisjökull will buffer them against climate changes albeit glaciers will retreat to a 

higher altitude reflecting the rise of the ELA.  The initial retreat of the glaciers in SE 

Iceland is expected to be rapid due to low lying areas that extend down to sea level 

(Björnsson & Pálsson, 2008). This stage of retreat is related to warming that has already 

taken place from 1990 – 2005. This suggests that the retreat of glaciers and icecaps to 

higher elevations around Iceland is a process that began some years ago. Every non-

surging glacier is said to have been retreating since at least 1995 with the ice from 

Vatnajökull alone retreating by 2.7% in the last 10 years (Björnsson & Pálsson, 2008).  

If the average climate of 2000 – 2009 is maintained into the future, the volume of 

Hoffellsjökull (an outlet of Vatnajökull on the SE coast) is projected to be reduced by 

30% of its present amount by the end of the century. If the climate warms as projected it 

is likely to completely disappear by such time (Aðalgeirsdóttir et al., 2011). 

A number of recent studies in Iceland have focused on predicting runoff changes for the 

benefit of the hydropower industry (Hálldorsdóttir et al., 2006). Generally runoff is to 

increase in glaciated Nordic catchments by 25 -50% in 30 -100 years, assuming the rate 

of warming is maintained. In Icelandic glaciated regions (i.e. Langjökull, Hofsjökull & 

S. Vatnajökull) the average annual runoff is projected to increase by approximately 1.5- 

2.5 m w.e. /a-1 until between 2050 – 2150 when the increase will reach a flat maximum 

before decreasing (Jóhannesson et al., 2007). The time envelope of enhanced runoff is 

broad and improvements could be made to tighten predictions. Aðalgeirsdóttir et al. 

(2011) confidently predicted that their simulated runoff would reduce after 2050 as a 

consequence of the reduction in ice-covered area. They found that runoff would 

approach a level near the end of the century that is similar in runoff to the cooler periods 

of the 20th century, when glacier surface mass balances were close to zero. These 
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studies are in agreement that the general trend will be a rapid increase in runoff until a 

certain point, after which runoff will decrease. 

 Einarsson and Jónsson (2010b) predict that winter runoff is likely to increase on 

average due to periodic snow melt events. The greatest spring snow melt will occur one 

month earlier in the spring, however its overall magnitude will have decreased by 

between 5 -70%. They also found that snow cover is expected to decrease from 7 

months to 3 to 5 months of the year. These predictions are valuable yet their wide 

margins do not enable an accurate enough understanding of changes for it to be applied 

to the management of a specific catchment. These studies from Iceland assume 

unchanged glacier geometry (Einarsson & Jónsson, 2010b). However it is likely that the 

feedback effects caused by changing glacier dynamics and volume will lead not only to 

changes in amount or timing or runoff but also to the migration of watercourses. The 

catchment-wide changes in glacier geometry and storage are therefore as important as 

the increase in ablation. Yet these are typically ignored in catchment modelling studies 

both in Iceland and elsewhere. 

Einarsson & Jónsson (2010a, 2010b) have not included a groundwater component. This 

is because the hydrogeology for large areas of Iceland is unknown, with the only 

hydrogeological maps being made for areas important for hydropower (Jóhannesson et 

al., 2007. Einarson and Jónsson (2010b) have a called for improved groundwater 

representation specifically in applications of the WaSiM model (as discussed 

previously). They conducted a brief study to attempt this. Including the groundwater 

component in catchment studies is important in Iceland because of the young porous 

postglacial lava fields and high hydraulic conductively in many areas, including through 

faults and fissure swarms (Einarsson & Jónsson, 2010a). 
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Continued research is necessary in order to address the uncertainty in the magnitude and 

timescale of predictions of change in runoff in Iceland. The climate change predictions 

are as detailed as the data available will allow, however the impact on runoff could be 

better understood at a catchment scale. This could be achieved by improving the 

representation of groundwater in models, and considering glacier volume and altitude 

changes as an essential part of the picture that controls the distribution and timing of 

runoff on a yearly rather than only decadal scale. This will enable the linkages between 

glacial and hydrological realms to be better constrained in a catchment scale modelling 

study. 

2.6 Anticipated outcomes based on the literature review 

The anticipated outcomes of this project have been formed from active research questions 

which are considered throughout this thesis. Therefore following from a survey of the 

current literature it is anticipated that: 

1. The retreat of the glacier in response to climate change will lead to significant 

changes in the seasonal pattern and volume of the water in the Virkisá. 

2.  The diminishing glacier reservoir will become less dominant in the catchment 

water balance and the river will shift to a non-glacial style flow regime where 

precipitation is the main driving influence on flow. 

3. The expansion of the lake will lead to an increase in storage. This will delay the 

hydrological connection between the ice melt and the river response by increasing 

water residence time and due to the disintegration of the ice cored foreland and 

the loss of fast flowing relic channels through the area. 
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Chapter 3 The Virkisjökull Earth 

Observatory 
 

3.1 Site introduction 

 

Figure 3.1.The study catchment showing the river Virkisá, the road bridge and the two arms of the 

glacier; Virkisjökull on the left and Falljökull on the right separated by the Rauðikambur ridge. 

They descend from the summit ice cap of Örӕfajökull and recombine in the terminal zone and are 

collectively referred to throughout this project as ‘Virkisjökull’. The foreground shows the loose 

unconsolidated material that comprises the outwash plain or ‘sandur’. 

 

Fieldwork for this study took place in the Virkisjökull catchment in the south east of 

Iceland. This catchment contains 60% glacier cover, a recently formed melt-water lake 

and a proglacial river called Virkisá. Virkisá flows from the glacier terminus to the sea 
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approximately 30km away across the highly permeable outwash plain, Skeiðarásandur 

(hereafter named the sandur). 

Virkisjökull is a maritime glacier which (like most glaciers in Iceland) is retreating 

rapidly. Since 1996 the glacier margin has been measured to have retreated nearly 500m 

and this rate appears to have accelerated over the past five years. The study catchment 

contains the twin lobed outlet glaciers of Virkisjökull and Falljökull which splits into 

two separate glacier arms at approximately 1200 m asl and flow either side of the 

Rauðikambur ridge to recombine in the terminal zone. Combined the glacier arms are 

referred to in this project as just Virkisjökull. Supraglacial debris from the ridge forms a 

band that distinguishes the two glacier arms in the terminal zone. They have a shared 

accumulation area of 5km2(Bradwell et al. 2013).  

 

Figure 3.2 panorama showing the lower ablation zone of the two arms of the glacier. All ablation 

stakes were drilled in these areas below the icefall zone. Photo was taken from the central medial 

ice-cored moraine 

The glacier flows from the mountain ice cap of Örӕfajökull (a stratovolcano on the 

southernmost portion of the Vatnajökull icecap). Hvannadalshnúkur is the highest point 

ans is located on the north-western rim of the summit crater of Örӕfajökull. The ice cap 

has a high turnover with several outlets terminating close to sea level (50 – 150 m asl).  

Most mass loss occurs in the summer months, although melting at the terminus has been 

observed and can occur in any month of the year. Generally the ablation season lasts 

from May until late September. 
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At the terminus the pro-glacial river emerges from the eastern side of the ice margin. 

The visible channel is small and is unlikely to account for the full amount of meltwater 

generated by the glacier in summertime.  This channel emerges from this location 

consistently with some slight variation to the east or west. On occasion kettle holes 

(formed on the surface of the formerly glaciated foreland areas) act as a sink, 

channelling meltwater under the pro-glacial debris-covered area to emerge in the lake 

zone. The amount of water within the channel changes throughout the day and its course 

can vary slightly day by day. 

 

Figure 3.3 The terminus of the glacier showing the sub-glacial river emerging from the eastern 

side ice cave. This channel flows across the surface before sinking into a kettle hole and being 

transported into the ice cored lake region. However its path varies depending on the amount of 

water and appearance of new channels. 
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Figure 3.4 The foreland directly in front of the terminus showing how daily melt water increases filling 

the conduit system linked to kettle hole sinks into the debris covered ice. Ice cored moraine in the 

background hide the pro-glacial lake where this water resurfaces. 

 

Figure 3.5 The pro-glacial ice cored lake area. Panorama shows the glacier on the right and the 

geologically constrained lake outlet on the left. During low flows this area can appear as a braided 

river channel. 

3.2 The Iceland research project 

The study location for this project is the Virkisjökull Earth Observatory operated by the 

British Geological Survey. This site is used to study the evolution of the glacier and the 

surrounding landscape and their responses to regional climate. Since 2009 sensors at the 

site have been constantly collecting climate and seismic data. There have been high 

resolution surveys to study both the glacier and land surface, the deposits and change 

over time (Bradwell et al, 2013). With the onset of this PhD, active monitoring of the 
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rate of surface melt and investigations into the linkages between hydrological systems 

have taken place. The Virkisjökull team comprise primarily BGS staff plus students and 

researchers from Dundee and Lancaster Universities. Therefore a variety of research 

interests and field work have resulted in a highly monitored catchment that has been 

visited by researchers at least twice a year since 2009.  

3.3 Climate 

This area experiences a mild oceanic climate with a low mean annual temperature in the 

range of approximately 11C. Mean summer temps are approximately 8 – 12C but can 

reach 20 C (Bradwell et al. 2013). The average winter temp is 0 – 4C. Daily minimum 

temperatures lower than -5C are rare.  There are approximately 150 rain days a year 

(Einarsson, 1984; Bradwell et al.. 2013). Mean annual precipitation south and west of 

the Örӕfajökull icecap is approximately 1800 m yr-1 but this is difficult to measure due 

to high winds. On the eastern side precipitation reaches 3000 m a-1. There is no strong 

seasonal precipitation trend. However October, December and January are typically the 

wettest months at sea level in this area. Snow lies on low ground (<200m) for 3 – 4 

weeks a year on average. 

3.4 Environmental history 

Annual net balance (between 1991 – 2006) was calculated using a robust stratigraphic 

method and was found to be – 10 m at the terminus to + 5 m above 1800 m (Björnsson 

et al. 1998; Björnsson & Pálsson, 2008).This makes the average mass balance gradients 

on the Örӕfajökull outlet glaciers the strongest in Iceland and some of the highest 

turnover glaciers in Europe. The equilibrium line altitude (ELA) based on these mass-

balance approximations is expected to fall between 1000 – 1200 m als (Einarsson, 1984; 

Björnsson & Pálsson, 2008). There has been a high amount of observed mass loss over 
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the last 20 years shown by a decreased areal extent and surface elevation in the ablation 

area demonstrated by sequential field photographs (Bradwell et al., 2013). 

3.5 Management 

Virkisjökull is not a developed catchment however there are some social and economic 

activities that take place in and around the area which could be impacted by the changes 

investigated in this project. To the south and downstream of the glacier and pro-glacial 

lake is Iceland’s route 1 road. The road bridge crosses the pro-glacial river Virkisá. This 

is the most important road in Iceland that circumnavigates the island. The south east 

was the last region to be connected to the road network due to the unpredictable nature 

of jökulhlaups and even today can be cut off from road travel due to large floods across 

Skeiðarásandur.  The small community of Svínafell lies to the west of the Virkisjökull 

catchment. Although it is sheltered by hillslopes from the effects of direct flooding, 

damage to the bridge would cut off local children from the school and the population 

from the largest nearby town with a supermarket, airport and other services.   

 

Figure 3.6 The catchment upstream of the road bridge. Standing water is shown in the foreground-

left demonstrating the connection between the river and shallow groundwater reservoir in the 

sandur area near the river. 
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The sandur and slopes around Virkisjökull are used for sheep grazing. Virkisjökull is 

also a significant tourist attraction. Large guided groups of up to 12 people can be found 

on the ice at any time (weather permitting) during the main tourist season (June – 

September). Tourist activity becomes more hazardous as the glacier retreats due to the 

destabilization of the foreland, collapse of the terminus and the fluctuating level and 

course of the pro-glacial river as it exists the glacier. Routes onto the ice are often 

changed in response to collapse, erosion or flooding.  The experts at the Iceland glacier 

guides ensure safety of the visitors to the area however have expressed concern each 

year since 2012 that they may not be able to continue guiding people onto the ice the 

following year. At present tours continue, however the end of these activities in this 

area seems imminent. Companies operating tours on Virkisjökull are likely to lose 

revenue and money spent in the local area will reduce when these economic activities 

cease.  Paths cuts into the ice and bridges over channels also give visitors a false 

impression of safety and inexperienced individuals have been observed using paths 

without guides to access the ice. The rapidity of changes is therefore a genuine safety 

concern in this area and other accessible glacier catchments in Iceland.   

For information on the equipment situated in this catchment relevant to achieving the 

aims of this project please refer to the individual analysis chapters (5 -7).  
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Chapter 4 Catchment water inputs 
 

4.1 Introduction 

This chapter describes the quantification of the total volume of water input to the pro-

glacial river (Virkisá) on a daily to seasonal timescale from ice and snow ablation and 

precipitation. The derivation and value of the current ablation rate and its changes over 

annual to daily timescales will be presented alongside its variation with spatial factors. 

Enhanced ablation as a result of increased temperature and glacial hypsometric changes 

will be used to explain the short term behaviour of the pro-glacial river during the 

current retreat phase. A simple and effective method of estimating snow melt will be 

presented, along with the most appropriate method of distributing precipitation in a 

model framework. 

4.2 Aims  

1. To calculate the total volume and seasonal pattern of ice and snow ablation at 

Virkisjökull. 

2. To calculate the volume of precipitation contribution to the catchment 

4.3 Objectives 

1. Calculate ice ablation using a temperature index model. 

2. Quantify enhanced ablation as a result of increased temperature and hypsometric 

changes 

3. Calculate total snow melt using a temperature and precipitation data based model 

and validate the results using photographic snow line altitude analysis. 

4. Use meteorological data from automatic weather stations to estimate precipitation 
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over the catchment. 

4.4 Instrumentation 

4.4.1 Meteorological stations 

 

Figure 4.1 Photographs of the automatic meteorological stations: a) AWS1 b) AWS3 c) AWS4. 

See Appendix 1 for full AWS specifications and data collected. 
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The Virkisjökull catchment has three on site weather stations operated by the British 

Geological Survey (BGS), Glacier Monitoring Project 

(http://bgs.ac.uk/research/glaciermonitoring/home.html). These are located within the 

catchment at 156, 444 and 885 m elevation. Two of the weather stations record 

precipitation (mm h-1). The lower station (AWS1) is located at 156m asl and uses a 

tipping bucket rain gauge recording the number of bucket tips to derive an hourly total. 

The second rain gauge at AWS4 (885m asl) uses a rainfall impact sensor and converts 

impacts to rainfall volume to give the hourly total (Fig. 4.1, see Appendix 1 for weather 

station specs). Although differences are expected between these sensors due to their 

different altitudes, some of the variability could be the effect of random or systematic 

error (Nitu & Wong, 2010). The form of these errors is different between the two types 

of instruments. Errors associated with tipping bucket sensors include hydrodynamic 

water flow instabilities in the gauge funnel and differences in the wind effect caused by 

turbulent airflow around the instrument (Ciach, 2002). Impact types by contrast have no 

moving parts (Sene, 2013) yet are less commonly used. It has been recognised that 

regardless of the equipment used, trace precipitation events lead to wind induced under-

catch in cold regions (Goodison, 1981; Woo et al., 1983). 

The southern Örӕfajökull region also benefits from the addition of two nearby weather 

stations run by the Icelandic meteorological office (IMO/Veðurstofa) at Kvisker 

(13.3km east of the Virkisá catchment) and at Skaftafell (8.5 km west of the Virkisá 

catchment), located outside the catchment at low (<100m) altitudes (Fig. 4.2). 

Orographic effects of the mountains in this region mean that the distribution of rainfall 

can be highly variable (Diodato, 2005). The long records at both off-catchment sites 

provide a good comparison to the Virkisjökull catchment that validates the precipitation 

values recorded there and provides further regional precipitation data.   

http://bgs.ac.uk/research/glaciermonitoring/home.html
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The dominant wind direction is from the North-North East over the ice cap, 

consequently, the Virkisjökull catchment could be affected by a significant rain shadow 

meaning local conditions vary greatly from west to east around Örӕfajökull. Care must 

therefore be taken when applying precipitation data that originates directly East and 

West of the Virkisjökull catchment (Fig. 4.3).  

Air temperature data were collected by the three BGS weather stations.  All weather 

stations were situated off-ice for ease of access. It is commonly considered that the 

closest representation of glacier surface climate is obtained using a weather station that 

stands freely on the ice surface (Hodgkins et al., 2012). However, a study by 

Guðmundsson (2003), reports successful representation of summer ablation on 

Icelandic ice caps using temperature data recorded adjacent to the glacier in 

combination with a constant lapse rate.  

 

Figure 4.2 All weather stations with precipitation measurement in Virkisjökull catchment and the 

surrounding area. Derived from 2010 LiDAR digital elevation map (Iceland Met Office, Institute 

of Earth Sciences of the University of Iceland, National Land Survey of Iceland) 
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Figure 4.3 Average wind speed (m s-1) and distribution of wind direction recorded by BGS 

weather stations at Virkisjökull (2011- 2014) 

 

4.5 Methods 

4.5.1 Ice ablation 

A reliable estimate of the interaction of a glaciated catchment with the climate and the 

hydrological regime of its outlet rivers requires a robust estimate of mass balance or a 

full energy balance model (Benn & Lehmkhul, 2000; Dyugerov, 2002; Hock & 

Holmgren, 1996). A reasonable estimate of ice ablation over the glacier can be obtained 

using a temperature index model, provided it is constructed using accurate 

measurements of ablation (Lauman & Reeh, 1993).  

The degree day method is a simple temperature index model that considers 

meteorological variables as indices of physical processes by combining the complex 

surface energy exchange into one or more parameters (for example radiation into 

temperature) (Hock, 2005). It is the chosen method for this project due to its relatively 

straightforward and pragmatic approach.  Furthermore temperature-index models often 

match the performance of energy balance models on a catchment scale (Hock, 2003, 
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2005; Rango & Martinec, 1995). Degree-day models of differing complexity have been 

used successfully by a number of studies in Iceland and other Nordic countries 

(Jóhannesson et el 2006; Thorsteinsson et al., 2006; Schuler et al., 2005; Andreassen et 

al., 2006; Radic & Hoch, 2006; Reeh & Ahlstrom, 2007). For a full review of these 

studies and a summary of melt modelling methods refer to Chapter 2. This project 

focuses on temperature as the main meteorological parameter to calculate ice melt. 

4.5.1.1 Measuring ice ablation 

Ablation measurements were carried out from 2012 to 2014 between 142 - 462m asl. 

The ablation stake network covers the ablation zone below 500m and provides high 

resolution of the spatial distribution of melt. The stake network comprised 4 central and 

8 side stakes to the east and western sides on both arms of the lower glacier ablation 

zone (Fig.4.4). A good coverage of stakes was intended to allow the project to collect 

high resultion data that could be utilised by this and subsequent projects. The greatest 

numbers of stakes were concentrated in the lower ablation zone. There were 24 stakes 

located within the 400-600m band. It was decided to employ the highest spatial 

resolution of the network at this elevation as it is the largest area of ice within the 

ablation zone and therefore likely to yield a significant part of the catchment melt-water 

production (Fig.4.4).  
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Figure 4.4 The Virkisjökull catchment showing weather stations, the gauging station and ablation 

stake network and the location of the main features. Note that the line across the glacier represents 

the ELA. Figure edited by Craig Woodward, BGS cartographer (2015). 

 

 Holes were drilled with a Heucke stream drill to 10 to 12 m depth on level bare-ice 

surfaces away from crevasses and supraglacial streams. PVC tubes were used as 

ablation stakes for their transportability, durability and inability to float in water-filled 

holes. All measurements were made using the straight-edge method (Østrem & Stanley, 

1969; Kaser et al., 2003).  

4.5.1.2 Modelling ice ablation 

This study follows the method described by Hock (1999) in order to calculate ice 

ablation using degree days. Air temperature at each stake location is calculated using a 

monthly and yearly variable lapse rate using data from the three BGS weather stations 
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(Fig. 4.5). There was found to be little variation in the temperature lapse between the 

measured years with an average of -0.44°C per 100m-1(Table 4.1). Air temperature was 

correlated with the ice ablation at the stake location in order to calculate the melt factor 

(the amount of ice surface lowering per degree of temperature rise). An average for the 

whole glacier was calculated from the site specific melt factors. The melt factor is used 

to convert mean daily temperatures (over the whole record) into water-equivalent daily 

melt rates.  

Table 4.1 Temperature lapse rate calculated from three weather stations monthly from 2012 to 

2014 with the yearly averages. NAN refers to months where the temperature data was not usable 

for analysis. 

 2012 2013 2014 

January 0.47 0.52 0.50 

February 0.57 0.50 0.51 

March NAN 0.55 0.55 

April 0.39 NAN 0.6 

May 0.60 0.05 0.61 

June 0.49 0.06 0.40 

July 0.33 0.6 0.39 

August 0.26 0.78 0.38 

September 0.48 0.18 0.41 

October 0.39 0.35 NAN 

November 0.51 0.47 NAN 

December NAN 0.47 NAN 

Yearly Average 0.45 0.41 0.48 
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Figure 4.5 Average yearly lapse rates regressed to AWS4 (885 m asl) from the average yearly 

temperature observed at AWS1 (156 m asl). 2012 (-0.46 °C 100 m-1), 2013 (-0.44 °C 100 m-1) and 

2014 (-0.41 °C 100 m-1) 

 

Measurement intervals of ablation ranged from 8 to 221 days in length. Periods shorter 

than 7 days were combined to remove excess short term variability from the results. For 

each stake location the melt factor has been used to calibrate the daily above-freezing 

temperature record to give modelled values of daily ablation. The temperature series for 

any year can be used to synthesise daily series of potential ablation of ice during snow-

free conditions. The model is then verified by comparing modelled and measured 

ablation rates to assess how much of the observed variation in ablation is explained by 

the melt-factor model. 

The degree day model is described by: 

 

𝛼 =  {

1

𝑛
DDFice Tα: Tα > 0,

             0    ∶ Tα ≤ 0
} (4.1) 

 

Where: 𝛼 is the melt rate (mm h-1), DDF is the degree day factor (mm d-1 °C-1) and n is 

time steps per day (Hock, 1999). The equation can be solved for any altitude for which 
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the temperature is known. Therefore the average daily ablation can be estimated for any 

temperature and altitude for snow-free periods. An assumption is made that the annual 

ablation gradient and temperature lapse rate remain constant over time. 

4.5.1.3 Calculating bulk ice-melt-water inputs 

The glacier and catchment hypsometry was calculated from the 2010 LiDAR digital 

elevation map that was acquired as a part of an ongoing collective effort (Iceland Met 

Office, Institute of Earth Sciences of the University of Iceland, National Land Survey of 

Iceland) to map the current surface topography of the Icelandic ice caps, initiated by the 

International Polar Year 2007 – 2009. This was combined with an orthophoto generated 

by the Earth and Planetary Observation and Monitoring Team at BGS of the ice covered 

area (NERC Airborne Research and Survey Facility, 2009). The catchment was divided 

into 100 m increments and the area for each section calculated and converted into a 

percentage of the total. The total amount of daily ablation was calculated by multiplying 

the total surface lowering by the surface area. For elevation bands without stakes for 

direct measurement (those above 500 m) the average temperature at the mid-point of the 

elevation band was calculated using a monthly variable lapse rate and the degree-day 

factor applied to estimate mean ablation. 

4.5.1.4 Model evaluation 

The model appeared to generally overestimate melt when compared to the 

measurements (Fig.4.6). The model worked well in the 30-60 mm d-1 range but 

underestimates low values and overestimates high values. Yet the melt rate fell within 

this range for the period of time that generates 69% of the flow and therefore the model 

performed reasonably well for the main melt season. Most of the variation occurred 

during the periods of very lowest and highest melt representing the winter season and 

extreme summer events. A possible explaination for this is the high degree of shading of 
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the ice surface during the winter months, alongside observed periodic temperature 

inversions during the spring and autumn months.  This study focused on the ablation 

season between May and September. Measured melt rates of over 50 mm d-1 are rare, 

and so the variability between measured and modelled does not have a large effect on 

the results. 

 

Figure 4.6 Measured melt against modelled melt for all periods, Falljökull centre line stakes. y = 

0.5541x + 11.854; R² = 0.7681. The area between the red lines (30 mm d-1 – 60 mm d-1) represents 

the most commonly observed melt rates between 15th May and 30th September. This period 

represents 38% of the year during which 69% of the yearly total melt occurs. 

 

4.5.2 Calculating rainfall 

The purpose of this analysis is to assess the reliability of the precipitation data available, 

to determine the best method for calculating the total rainfall input into the catchment 

and calculate with reasonable certainty the total volume of precipitation that is 

contributing to the runoff component of the Virkisá and the snow pack. This task is 

complicated by the spatial variability of rainfall and periodic snowfall and permanent 

snowfields on the summit of Örӕfajökull.  

4.5.2.1 Assessing precipitation data consistency 

Data recorded at AWS1 and AWS4 during the year 2012 were suspected to be 

inconsistent when first reviewed due to initial problems with the instruments and so 
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they are plotted alongside the rainfall from Kvisker and Skaftafell (provided by the 

Icelandic Meteorological Office, 2014) which are trusted (Fig. 4.7). The figures shown 

are a plot of successive annual precipitation at the gauge that is checked against the 

other gauges in the area. The cumulated values are expected to follow a proportional 

relationship, a departure from which is interpreted as an error or inconsistency. The 

change in slope in the Oct 11-Sept 12 graph shows such a departure for both AWS1 and 

AWS4. In this data check care was taken that data were not seen to be inconsistent 

when they are correct. In the period October 2012 to September 2013 the precipitation 

data at Virkisjökull was expected to be reliable (Fig. 4.8), a comparison to the IMO data 

from Kvisker and Skaftafell from this period confirms that they are. 

 

Figure 4.7 Cumulative rainfalls for the Svínafell area meteorological stations October 2011 – 

September 2012 

 

 

 

 

 

Figure 4.8 Cumulative rainfall for Svínafell area meteorological stations.  October 2012 - 

September 2013 (note Kvisker record ends on 30.05.13 resulting in a flat line.) 
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Precipitation is measured in different ways between the two Virkisjökull catchment 

weather stations. AWS1 uses a tipping bucket rain gauge recording the number of 

bucket tips to derive an hourly total, whereas AWS4 uses a rainfall impact sensor and 

converts impacts to rainfall volume to give the hourly total.  

4.5.2.2 Generating rainfall lapse rates  

Precipitation generally increases with altitude in mountainous regions, for example, 

Nolin et al. (2010) increased precipitation linearly by 6.4% per 100m in their study 

catchment at Hood River basin, Oregon. However the precipitation lapse is complicated 

at Virkisjökull due to the high variability of the rainfall at different altitudes. It could be 

assumed that AWS4 (which is 649m above AWS1) will record higher precipitation 

values.  The lapse rate was similarly calculated at the Virkisjökull catchment to 

investigate whether it could reasonably be applied to calculate total distributed rainfall 

over the area. However the range in height between the two stations (AWS1 & AWS4) 

is small when compared with the maximum altitude of the catchment. There is a large 

area where the precipitation must be assumed based on this small altitudinal range lapse 

rate. It might be the case that the gradient above AWS4 (885 m asl) differs significantly 

from that calculated here. It is difficult to quantify what effect snowfall has on the 

rainfall lapse, which leads some researchers to apply a general-correction equation for a 

systematic error or to omit questionable data from the lapse rate analysis altogether 

(Sevruk, 1983).  However if all winter data were omitted at Virkisjökull it is likely that 

greater rainfall would be calculated at lower altitudes than at higher ones. This would go 

against the work of authors on precipitation in mountainous regions worldwide (e.g. 

Basist et al., 1994). The lapse rate is therefore calculated only using a regression 

equation of the average annual precipitation (mm d-1) between AWS1 and AWS4 to 

give the annual average lapse for the years 2013 and 2014. An additional difficulty is 
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that the rainfall was measured using different sensors at the two altitudes, this 

introduces a new potential source of error when comparing directly between the two. 

Therefore when it comes to modelling it is wise to choose one data set with which to 

extrapolate to a catchment scale from. AWS1uses a tipping bucket sensor, similar to the 

IMO operated stations and is less subject to the effects of snow cover. AWS1 is 

therefore considered to be the most reliable precipitation data set for use in the 

following analyses. 

4.5.2.3 Calculating an inverse distance weighting distribution of precipitation 

A more detailed analysis of the spatial variability of precipitation was interpolated using 

the simple Inverse Distance Weighting (IDW) method. The value of precipitation can be 

predicted at any point in the catchment by computing a weighted average of the known 

values measured at the four weather stations (AWS1, AWS4, Skaftafell & Kvisker).  

All weather stations within a specified search radius are used for interpolation. The 

interpolation result is the sum of all contributing weighted station data: 

To find the interpolated precipitation value at any location using the weight of the 

observed value at the weather station: 

 �̂�(𝑢) =  ∑(𝑤𝑗

𝑗

. 𝑧(𝑢𝑗)) 

 

(4.2) 

To calculate the weight of the observed value at the station: 

 
𝑤𝑗 =

1

𝑑(𝑢, 𝑢𝑗)𝑝
.
1

𝐶
 

 

(4.3) 

To calculate the value of the interpolated point to give the weight of the observed value: 
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𝐶 = ∑

1

𝑑(𝑢, 𝑢𝑗)𝑝

𝑗

 

 

(4.4) 

Follows that the weighting power of the inverse distance is: 

 ∑ 𝑤𝑗 = 1.0

𝑗

 

 

(4.5) 

Where: ẑ(u) is the interpolated value at location u; wj is the weight of the observed value 

at the station j; z(uj) is the observed value at the station j; d(u,uj) is the distance to the 

station j; And p is the weighting power of the inverse distance (usually 1) (Schulla, 

2012). 

IDW is often the method of choice among statisticians as it is theoretically sound and 

widely applied in the study of the environment (Schulla, 2012).  It is a valid approach 

when combining the weather station data from AWS1 and AWS4 with data from 

neighbouring stations at Kvisker and Skaftafell over the period of interest. The analysis 

was undertaken using the geostatistical analysis extension in the ArcGIS 10 software. 

The X and Y coordinates of the four weather stations were loaded into a new map with 

the mean annual precipitation (mm) calculated between 2011 and 2014 for all the 

stations. This data was interpolated to demonstrate the likely mean annual precipitation 

in any part of the catchment given the known data set. The proportion of the catchment 

that is covered by a particular rain band is calculated allowing its contribution to the 

total rainfall to be calculated. 

4.5.3 Modelling snow accumulation and ablation 

The spatial and temporal variability of seasonal snow cover in glacierised catchments 

has important implications for the net mass balance of glaciers (Evans et al., 2008). The 
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precipitation and temperature regime determines the position of the snowline and 

therefore the ELA, which can be identified at the end of the ablation season as the 

maximum altitude of the transient snowline on the glacier surface (Benn & Evans 2010; 

Lehning et al., 2000; Evans et al. 2008). The position of the transient snowline is 

controlled by the balance between snow accumulation and ablation and is an indicator 

of the mass balance of the glacier and its health (Chinn, 1995). Glaciers in south east 

Iceland are considered highly responsive to temperature as a result of high snow 

accumulation and ablation rates (Hannesdóttir et al., 2014). In contrast, glaciers in 

Sweden have been found to have long response times to changes in the Earth’s ambient 

temperature as a result of relatively low snow accumulation and ablation rates 

(Holmlund et al., 1996; Evans et al., 2008). A model that will calculate the melt water 

inputs from snow with small data and computational requirements has been chosen 

which can be validated by images of the snowline altitude recorded in the catchment. 

Often in hydrological forecasting, snow models have to predict the timing and 

magnitude of snowmelt runoff in basins with limited meteorological data available 

(Essery & Etchevers 2004; WMO, 1986; Hock 2003). 

4.5.3.1 The snow melt model 

The “snow-wedge model” was used following that of Fitzharris & Garr (1995) and 

Evans et al. (2008). Snow accumulation and ablation over Virkisjökull was modelled 

for the years with the most reliable meteorological records of precipitation and 

temperature 2012 – 2014. The only inputs required are average daily temperature and 

daily precipitation. For 2012, precipitation from the Kvisker weather station outside the 

catchment was used in the model. This is due to the difficulties in obtaining an accurate 

representation of precipitation from the catchment weather stations during this year (see 

section 4.7.2 Data Consistency Check for a full explanation). A temperature lapse of 
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0.45 °C per 100m was used as calculated using a three temperature lapse from the onsite 

weather stations. 

4.5.3.2 Snow model equations 

Following Evans et al. (2008) snow deposition and snow ablation are used to calculate 

the daily specific mass balance at each 100m elevation band from 100 to1800 m asl 

using the formula : 

 𝑏(𝑧,𝑑) = 𝑝(𝑧,𝑑) − 𝑎(𝑧,𝑑) (4.6) 

 

Where; b refers to the specific mass balance at one elevation band (z,d);  p refers to the 

snow deposition and a refers to snow ablation. The volume of snow deposited daily (p) 

at an elevation band (p (z,d)) depends on the threshold temperature (Th). Threshold 

temperature is initially set at 1 °C, to separate solid and liquid precipitation, and so 

follows the equation: 

 
𝑝(𝑧,𝑑) = {

𝑇(𝑧, 𝑑) > 𝑇ℎ,   𝑝(𝑧, 𝑑) = 0

𝑇(𝑧, 𝑑) ≤ 𝑇ℎ,   𝑝(𝑧, 𝑑) = 𝑃𝑧, 𝑑
 (4.7) 

 

Daily snow ablation at each elevation band (a(z,d)) is then calculated using a degree-day 

model (Hock, 1999): 

 
𝑎(𝑧, 𝑑) =  {

𝑇(𝑧, 𝑑) < 0, 𝑎(𝑧, 𝑑) = 0
𝑇(𝑧, 𝑑) ≥ 0, 𝑎(𝑧, 𝑑) = 𝑓 × 𝑇 (𝑧, 𝑑)

 (4.8) 

 

Where f is the degree-day factor for snow; This was set to 4.45 mm d-1 °C-1 for the 

initial model run, following Jóhannesson et al. (2007), and then adjusted for calibration 
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(see 4.5.2 Photographic Analysis and Snow Model Calibration for a description of the 

process).  B (z,d) (specific mass balance) is set to 0 when  the entire snow pack is 

melted from a specific elevation band until there is a fresh snowfall. In this way only 

snowmelt is modelled.  

The total snow accumulation (mm) is then calculated by summing the daily specific 

mass balances for each elevation band which is then multiplied by the respective band 

area to give the daily net snow balance in m3 water equivalent.  

4.5.3.3 Photographic analysis and snow model calibration 

In order to validate the results, a daily estimate of  snow line altitude was made, based 

on analysis of photographs taken at thrice daily intervals from weather stations AWS1 

and AWS4 which were then compared to a DEM of the catchment so that significant 

features could be identified based on their elevation (Fig. 4.9). The average snowline 

altitude relative to these features was recorded in a chosen transect that extended to the 

summit of Örӕfajökull.  The snowline altitude was thereby obtained for each day based 

on the point where the snowline intersects the transect.  No account was taken of the 

spatial variability across the glacier. Investigations into the temperature lapse during the 

period of interest showed that temperatures above 0 °C can occur during the summer at 

the summit of Örӕfajökull. Due to the observed lingering snow line 1200m asl, it is 

unlikely that the available energy at the catchment summit results in ice ablation (as 

there is insulation from the snow accumulation of the preceding winter). Throughout the 

summer the snow continues to be a source of melt water within the catchment and will 

continue to be so unless the winter accumulation dramatically reduces (Fig. 4.10).  

Snowline elevations obtained from the photographic analysis are compared to snowline 

elevations produced by the model (Fig. 4.11).  Discrepancies between the results were 

corrected by altering the degree-day value of the model run. When the snow line of the 



94 
 

modelled data fell within 100m of the observed snow line as a result of adjustment of 

the degree-day factor for snow this was considered a good calibration.  It was found that 

the model with the degree day factor of 3.45 best represented the snow line altitude 

within the catchment when compared to the photographic analysis. The best fit was 

analysed using a Nash-Sutcliffe (NS) coefficient (a test that can be used to describe the 

accuracy of model outputs) which found that on a monthly scale the model was 

representing the actual snow (through analysis of the snow line altitudes) with a value 

of 0.98. In this analysis a value of 1 would be a perfect match (Nash & Sutcliffe, 1970). 

See Chapter 7 for more information on the Nash-Sutcliffe coefficient. 

4.5.3.4 Snow model evaluation 

Figure 4.11 shows that the results of the model are more variable than the measurements 

and can only achieve a maximum NS value of 0.72. Figure 4.11 shows the results of the 

monthly analysis. It shows that in general there is a good match, with all months except 

November 2012, January 2013 and February 2013 having less than 100m difference 

between the measured and modelled values. The measured values show that the snow 

line altitude remains in a lower position for longer than is represented by the model. 

There are a number of factors that may explain this difference. For example it is known 

that degree day factors can vary seasonally (Hock, 2003), in this case a single factor was 

used. This model also does not take into account the effect of snow transforming into 

firn on contact with the ice surface and so in reality the snow does not melt from the 

lower reaches as fast during the winter as it does when represented by a snow model. In 

this model a single lapse rate was used as a linear lapse with altitude.  
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Figure 4.9 Photographs of the catchment taken by AWS4 to assist in the modelling and analysis of 

snow cover a) 14.01.2013demonstrates snow to sea level, b) 06.12.2012 demonstrates snowline 

elevation of 100m, c) 15.12.12 demonstrates wind distributed snow complicating analysis, d) 

01.06.2013 demonstrates old snow lingering around 700m into the summer months and fresh snow 

at 805m, e) 07.06.2013 demonstrates difficulties in using temperature and precipitation lapse, 

weather below 800m very different to weather above 800m, f) 29.07.2013 snow line at 1150m. 
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Figure 4.10 Maximum snow line altitude Sept 2012 - Oct 2013, based on photographic analysis 

compared with a DEM of the catchment area. The red line is a 10 point average trend. 

 

 

 

Figure 4.11 Maximum snow line altitude Sept 2012 - Oct 2013, based on snow-wedge model with 

a degree-day factor of 3.45 mm °C-1 d-1  

 

4.6 Results  

4.6.1 Ice ablation rate 

Mean daily ablation ranged from 4.3 mm d-1 during the winter (09.11.12 – 19.04.13) to 

40.9 mm d-1 during the summer (02.08.14 – 04.10.14). Highest ablation was observed in 

localised areas in 2014 than in 2013. However in 2013, high ablation was spatially more 
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widespread and so is likely to have resulted in a greater total ice loss (Fig 4.12). 

Measured ablation generally ranges from approximately 10 m y-1 at the margin and 

reduces with altitude to approximately 5 m y-1 below the ice fall. In both years the area 

that experiences the highest melt is the ice on the eastern arm of the glacier above the 

lowest area of the terminus. This is likely to be due to its exposed position. The least 

melt is measured at 500 m asl below the ice fall on Virkisjökull (western arm) in the 

area that receives significantly less direct sunlight during the day due to catchment 

topography. 

 

 

 

 

 

 

 

 

 

Figure 4.12 Total measured ablation in 2013 and 2014 over the lower ablation zone (below 500m). 

 

4.6.2 Degree-day factors 

Typical results for the calculation of the degree day factor at each stake location resulted 

in regression values between 5.4 and 6.9 mm °C d-1 (Fig 4.13). Degree day factors can 

exhibit significant spatiotemporal variability (Hock, 2003; Hodgkins et al.., 2012), but 
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at Virkisjökull the range of values was low (Table 4.2 A) with an average of 6 mm °C d-

1. R2 values from the result for individual recessions are consistently good. The 

Virkisjökull melt factor was consistent with values calculated for other glaciers in 

Iceland (Table 4.2 B).  

A. 

Stake 

Melt 

Factor R2 

0F 6.2 0.84 

1F 5.5 0.77 

2F 6.1 0.81 

3F 5.9 0.93 

FE01 6.9 0.9 

FE03 6.6 0.9 

FW02 6.3 0.9 

FW04 5.6 0.86 

FW06 6 0.94 

FE05 6.9 0.98 

3V 5.7 0.83 

5V 6.1 0.7 

6V 5.6 0.98 

7V 6.1 0.69 

VE05 5.6 0.92 

VW02 5.4 0.74 

 

B. 

Glacier 

Melt Factor Paper 

Höfsjökull 7.4 Jóhannesson et al.. 2006 

Brúarjökull 5.7 Guðmundsson et al.. 2005 

S. Vatnajökull 5.3 Jóhannesson et al.. 2007 

Langjökull 7 Aðalgeirsdóttir  et al.. 2006 

Virkisjökull  6 This study 

   

Table 4.2 A: Melt factors and R2 values for all stakes, B: Comparison of average melt factors v 

calculated for glaciers in Iceland.  
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Figure 4.13 Water equivalent ablation (mm) against cumulative degree days at Stake FE05, y = 

6.9253x - 421.42; R² = 0.9817 

 

4.6.3. The ablation gradient 

There is a clear relationship between measured ablation and altitude at Virkisjökull 

(Figure 4.14). Ablation gradients were -0.015 m m-1 (2013) and -0.016 m m-1 (2014). 

Ablation decreases consistently with altitude in the ablation zone over both years.  

 

Figure 4.14 Measured ablation gradient for 2013 (y = -0.0145x + 12.295 R² = 0.9253) and 2014 (y = 
-0.0157x + 12.522 R² = 0.7915)  
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4.6.4 Seasonal ice ablation variations 

 

Sixty-nine percent of melting occurs between May and September. Over the winter 

there is periodic melting because air temperatures may exceed 0°C when the ice surface 

is snow-free (Fig.4.15). During early spring, differences in melt between the three sites 

in the ablation zone were negligible when sub-zero temperatures persist at all altitudes 

in the catchment.  The mid zone exhibited slightly more melt during the spring/early 

ablation season.  However the difference was not as pronounced as in the autumn where 

there is significantly higher melting in the mid zone in autumn. This is a result of a 

pronounced temperature inversion which is explained fully in the following section. 

Only for a relatively short period of time during the mid-summer does the lowest part of 

the glacier experience significantly more melt (from June - late August). Melt of up to 6 

cm d-1 (+/- 1 cm) can occur in the lowest reaches during the summer months, whereas in 

the winter months ablation at all altitudes reduces to between 1 and 3 cm d-1 (1 +/- 1 

cm). Measurement and modelling error is likely to be more pronounced in the winter 

months or when there is less melt. 

 

Figure 4.15 Modelled daily potential ablation for the upper (blue), middle (green) and lower (red) 

ablation zone, 2013. Curves are 15 day moving averages.  
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4.6.5 Temperature inversion 

The ablation gradient is sometimes inverted between the lower and middle glacier on 

Falljökull (Figure 4.16). The greatest inversion of the ablation gradient occurs in the 

autumn between September and November resulting in more melt in the mid glacier 

than at the terminus. In the early winter there is a period where there is more melt in the 

upper ablation zone than there is in the lowest areas. There is a complete inversion of 

the ablation gradient at this time of year, which then re-equilibrates throughout the 

spring. This may occur as a result of the changes in weather conditions with the season. 

For example air on the ground may rapidly lose heat on a clear winter night resulting in 

quick cooling at low level while the higher altitudes retain heat. Cold air can also be 

expected to be flowing down-valley from the ice cap summit of Oræfajökull which is 

pushing warmer air into rising creating the inversion.  

 

 

Figure 4.16 Inversion of the ablation gradient measured over the ablation season below 350m asl 

on Falljökull in both 2013 and 2014, suggesting that more melt is taking place in the mid reaches 

than at the terminus (an effect that is magnified during the spring). 
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4.6.6 Temperature and melt scenarios  

 

Under current measurements a 1 °C warming will increase ice surface lowering by 

approximately 8.5 mm d-1 at 200 m asl and a 2 °C warming by 14 mm d-1 (Fig. 4.17). 

The greatest changes occur at the lowest reaches of the glacier between 200 - 400 m asl. 

This translates as 37% more melt available for river flow for a 1 °C warming and 43% 

more for a 2 °C warming (Fig. 4.18).  

 

Figure 4.17 Current expected variation of mean daily ablation (diagonal isolines in mm d-1) with respect 

to a range of altitudes and temperatures. For example when the temperature is 8 °C at the ELA (1200m), 

there is 35 mm d-1 of ice ablation (point A). If the temperature were to increase to 13 °C, 65 mm d-1 of 

ablation would be expected at the same altitude (point B). 
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Figure 4.18 Expected variation of mean annual ablation rate in mm/d at four altitudes under 

changing annual mean temperature. Temperature is expressed as a deviation from the long-term 

annual average (2009-2014) recorded at AWS1. 

 

4.6.7 Snow ablation 

Observed data from the photographic analysis shows that the snow line and maximum 

summer ELA reached 1200m asl in early July 2013, where it stays until the beginning 

of October excepting periodic snow falls (Fig. 4.19). During these months the snowline 

remains relatively stable. The summer of 2013 had a maximum summer snow line 

almost 200m above that of 2012 according to photographic analysis. Even during the 

winter the snowline can be variable. In this analysis there is no data for a snowline 

below 100m asl. There is a very small proportion of the catchment below this height so 

the impact on the catchment hydrology will be minimal.  Between November and 

March the snowline tends to fluctuate between about 100m and 350m asl. This range 

then increases until mid-May to 100- 450m asl, after which is the onset of the main 

snow melt season. The snowline begins to retreat in a steady and stepwise manner until 

it reaches its maximum elevation. During the winter, snow fall down to the lowest 

altitudes does not have as much longevity as higher in the catchment.  Periods during 

the winter where snowfall reaches between 0 - 100 m altitude last typically from a 
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maximum of two weeks to a minimum of less than a day. This analysis has been 

averaged to the day. 

 

Figure 4.19 Average monthly snow-line (modelled and measured values). DDF 3.5 °C-1 m-1  

 

Over the course of the year the highest melt water input from snow occurs slightly 

above the current ELA reflecting a source of snow year round and continuous melt 

(Figure 4.20). It also shows that with the calculated lapse it is possible for the highest 

altitudes to be contributing a significant amount of snow melt during the summer 

months.  

 

Figure 4.20 Total modelled snowmelt water input to catchment by elevation band (Sept 2012 - 

Sept 2013)  
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 The highest amount of modelled snow melt occurs in June where the greatest period of 

enhanced snowmelt occurs due to high temperatures (Fig. 4.21). The model also 

calculates that there is snow melt input into the catchment year round depending on 

local climate conditions. Figure 4.21 shows that between September 2012 and 

September 2013 there are not many periods where there is no snow melt in the entire 

catchment.  With the exception of periods October 2012 and April 2013 it is expected 

from this analysis that there was a contribution from snow melt from throughout the 

year provided the temperatures are above 0°C.   

 

Figure 4.21 Modelled snow melt runoff (whole catchment) from September 2012 – September 

2013 

 

Over the summer months the contribution is controlled by a steady and stepwise retreat 

of the snowline. During the summer the smallest contribution of snow melt to river 

runoff is in September time due to the majority of snowmelt having already occurred 

over the summer and prior to the main winter snowfall. 
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4.6.8 Virkisjökull mass balance 

 

Figure 4.22 Annual mass balance gradient for Virkisjökull 2012-2014 

 

Using the modelled annual ablation and the snow wedge model a close approximation 

of the mass balance for Virkisjökull over the period 2012-2014 is calculated to be -

8.45m (-9.98 at the terminus, +1.53 above 1800m) (Fig. 4.22).  This equates to 6.62E 

+07 output for 7.53E +06 input of water.  The 1991 – 2006 average for southern outlet 

glaciers of Oraefajokull has been previously calculated to be -5m and the average 

annual balance for the whole Vatnajokull region of -0.45(Bjornsson & Palsson, 2008). 

This indicates that the glacier is out of equilibrium and explains the recent rapid 

retreating. As retreat has been sustained it suggests that the glacier has been out of 

equilibrium for at least ten years. However the extent of the negative balance in 

previous years remains unknown. 

4.6.9 Hypsometry and bulk water input  

 

The proportion of the catchment that is glaciated increases with altitude (Fig 4.23). At 

its maximum height on the summit of the Örӕfajökull ice cap, 100% of the catchment is 
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ice covered. The lowest proportion of glaciated area is in the lower reaches which 

include the ablation zone. At elevation bands of 100-200 m, 400-500, 600-700 & 700-

800 m only 20% of the catchment is glacier covered. 

 

Figure 4.23 Hypsometric curve and elevation bin areas (100 m elevation bands) of the Virkisjökull 

glacier area calculated from the DEM. The Red line refers to the primary axis and the black 

histogram to the secondary axis. 

 

In 2012 the lowest reaches of the glacier (below 200 m elevation) comprised c. 9.5% of 

the total glacier area (Table 4.3; Fig.4.24). The largest areas in the ablation zone are 

between 200 and 500 m, where most melt water is generated during the ablation season 

(25-44%). The regions that contributed most melt between May and September were 

those that lay between 300-400 m (Fig. 4.25). Melt water production reduces between 

500-800 m (which has 11.5% of the total glacier area).  Higher locations (1000 – 1200 

m) have as much as a month less melt time in May due to the snow line but their greater 

surface area (24.1% of the glacier) results in a larger contribution to river flow in total.  

Although melt took place below 1000 m elevation in May and June (Fig. 4.25), 

photographic evidence shows that snow was still present at higher reaches thereby  

inhibiting ice melt being discharged into the river. In September the temperatures were 

lower, yet the total amount of water was higher than in May due to the greater snow-
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free area below the higher snowline. This situation continued until the first autumn 

snowfall, when the melt contribution from glacier to river fell dramatically. The greatest 

melt at all altitude bands occurs in July and August.   

Fig 4.25 (B) shows the differences in total melt water input from each elevation 

band for 2013 – 2014. The main difference between these years was that 2014 save 

higher volumes of melt water at all elevations throughout the ablation season (except in 

the lowest 100m) (Fig 4.25C). The extent of this difference increased with altitude and 

can be explained by the snowline reaching its observed ELA (1200m) a month earlier 

(June) than in the previous year (July). Additionally an extra 3.2 km2 of clean ice area 

was included in the May total indicating a much earlier beginning to the ablation 

season. In Fig 4.25C earlier activation of the zones above 1000 m resulted in the 

majority of the total additional melt water input. When snow free, the higher altitudes 

have a far greater impact on river discharge than the lower reaches due to their larger 

surface area. This indicates that river discharge is very sensitive to changes in glacier 

hypsometry. 

The 2013 and 2014 ELA for Virkisjökull was at 1200 m elevation, to give a 

current accumulation area ratio of 0.4. The glacier is wider between 1000 and 1800 m 

elevation and the majority of the ice in the catchment is located between these altitudes. 

This makes Virkisjökull in its current retreat phase especially vulnerable to rapid 

shrinkage. A large proportion of the glacier is of a gentle gradient and this area includes 

the location of the ELA (1200m) (Fig. 4.24).  At 500-800 m elevation the glacier 

steepens through the ice fall.  Though the glacier is narrower and faster-flowing here, 

surface area for melt is reduced by dense crevassing. 

An ELA increase from 1200 m to 1300 m results in an increase in total 

meltwater input into the catchment of 13.4% between May and September. A further 
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incremental rise in the ELA adds only c. 5% per 100 m shift until the summit ice cap is 

reached. If the ELA were to reduce by 100 m, the contribution of ice melt would be 

expected to drop by 9% (Fig 4.26). All values were calculated assuming a constant 

ablation, temperature lapse rate, and hypsometry, the only variable being the position of 

the late summer snow line.  

 

Figure 4.24 Hypsometric curves of the glacier and the whole catchment (including the glacier), 

shown with the 2013 equilibrium line altitude. 
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Table 4.3 Area of each elevation band (including the number of ablation stakes and the percentage 

of the glacier area). 

 

Elevation band  

(m asl) 

Area 3D  

(m2) 

Glacier 

(%) 

No. of stakes  ice area 

(m2) 

100-200 431351 3.2 5 186831.35 

200-300 842441.2 6.3 12 481962.29 

300-400 939199.1 7 12 715434.55 

400-500 545823 4.1 3 433288.86 

500-600 415913.3 3.1 0 331844.87 

600-700 391815.4 2.9 0 354564.84 

700-800 505068.8 3.8 0 505068.8 

800-900 634077.6 4.8 0 634077.6 

900-1000 948928.9 7.1 0 948928.9 

1000-1100 1001390 7.5 0 1001390 

1100-1200 1105148 8.3 0 1105148 

1200-1300 1103673 8.3 0 1103673 

1300-1400 1130660 8.5 0 1130660 

1400-1500 671169.2 5 0 671169.2 

1500-1600 823051.7 6.2 0 823051.7 

1600-1700 618700.4 4.6 0 618700.4 

1700-1800 1215939 9.1 0 1215939 
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Figure 4.25: Total amount of melt water from each elevation band on the glacier (x10, 000 m3). 

Melt water from ice is shown in black and meltwater from snow is shown in grey. May- 

September (A) and the whole ablation season total (B) for both 2013 & 2014. Also shown is the 

difference in melt water totals from each elevation band between the two years (C) Note that the 

snowline is observed from photographs and a DEM and therefore no ice ablation occurs above this 

altitude in either year. Both years reach the maximum ELA by July. 

 

c) 
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Figure 4.26 Total modelled melt water input predicted against the height of the ELA varied in 

100m increments from the current (2013) ELA. Current ELA and the summit of Oræfajökull ice 

cap elevations are shown in grey. Demonstrating how height of ELA affects total melt water input 

due to the glacier hypsometry. 

 

4.6.10 Catchment rainfall input  

When examining the rainfall data recorded (Fig. 4.7), it can be seen that there are 

inconsistencies with the 2012 data from AWS1 and AWS4 in the first half of 2012 (Fig 

4.8). Data are however reliable in 2013 and 2014. Therefore calibration of the 

hydrological model only employs these 2 years (see Chapter 7).  For the development of 

the snow wedge model and initialization of the WaSiM model (See Chapter 7) the 

rainfall data from the Skaftafell weather station were used for 2012 even though it is 

located outside the Virkisjökull catchment. This is justified due to the proximity of the 

station to the Virkisá catchment and its similar average annual total to the precipitation 

recorded at Virkisjökull in 2013-14 (Fig 4.27). The Skaftafell precipitation data will not 

be used directly for calibration, rather as an initial state to be read into the WaSiM 

model as a ‘spin- up’. The values for 2012 are not used for empirical analysis on the 
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Virkisjökull catchment due to short term variability in precipitation over the south east 

of Iceland. 

 

Figure 4.27 Monthly total precipitation (mm) from AWS1 against monthly totals from Skaftafell 

meteorological station for 2013 and 2014, some months are omitted due to problems with the 

AWS1 station at Virkisjökull. 

 

For 2013 and 2014 lapse rates of 0.19mm/100m and 0.15mm/100m respectively are 

calculated (Table 4.4). This is therefore only a very small change in the average amount 

of rainfall with altitude over the range of altitudes measured at Virkisjökull.  

Table 4.4 Average annual precipitation between two Virkisjökull weather stations and the 

precipitation lapse rate 

 Average annual precipitation (mm/d)  

AWS1 AWS4 Lapse (mm/100m) 

2013 6 7.1 0.19 

2014 8.8 10.2 0.15 

 

However the low altitude lapse rates at Virkisjökull are greater than those used in 

similar studies in the SE of Iceland. Guðmundsson et al. (2003) applied a lapse of 
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0.0497 mm/100 m to the entire South Vatnajökull region when modelling the effects of 

climate change on ice cover using the WaSiM model.  

 

Figure 4.28 Yearly average precipitation lapse 2013 and 2014. Dashed lines represent the 

precipitation lapse that would have occurred under the standard lapse used for S. Vatnajökull 

region by Guðmundsson et al. (2003), (0.0497 mm 100m-1). 

 

This published lapse used for Iceland underestimates the average total yearly rainfall at 

AWS4 for both 2013 and 2014 (Fig. 4.28).  

The relationship between the higher and lower stations at monthly timescales is more 

variable. Precipitation is not consistently greater at the higher altitude station (Fig. 29). 

On a daily scale the differences between the stations are highly variable and therefore an 

averaged lapse will miss key short term events when rainfall in the lower catchment was 

greater than in the higher catchment. During the winter months the higher altitude 

station receives higher precipitation (Figure 4.29). This pattern is reversed during the 

summer when low level rainfall is more common and of a greater magnitude.   
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Figure 4.29 Daily total precipitation in 2013 

 

High precipitation recorded in the wintertime may be unreliable. At high altitudes 

during the winter the majority of precipitation will fall as snow. The recorded 

precipitation data may not be accurate due to the effect of snow cover on the weather 

station instruments.  A linear lapse rate alone is therefore not appropriate for use in this 

small catchment. Figure 4.30 shows the differences between the measured precipitation 

at AWS4 and the amount modelled using the linear lapse rate for 2013 and 2014 in 

Table 4.4. It shows that when modelled with the lapse rate calculated for 2013 the total 

amount of precipitation at AWS4 is overestimated by 17.5% and a great deal of the 

natural variability is lost. 

 

Figure 4.30 Comparison of measured precipitation at AWS4 and the modelled values using the 

2013 lapse rate. 
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Results of the inverse distance weighting analysis (Figure 4.31) show that there is an 

altitude dependant factor in the amount of rainfall at a yearly average scale. In general 

the higher altitudes receive more precipitation yet this is variable depending on whether 

the location of interest is on the east or west side of the catchment. Precipitation is 

greater on the Western side of the catchment. It also shows that the Virkisjökull 

catchment receives less precipitation than similar altitudes outside the catchment area at 

Skaftafell and Kvisker suggesting that the catchment experiences some rainfall-shading 

as a result of its topography.  

 

Figure 4.31 Mean annual precipitation interpolated using inverse distance weighting over the 

entire catchment 

 

 A problem with monthly average rainfall totals is that measurement of winter 

precipitation is believed to be unreliable. Therefore the calculations for winter months 

may represent an over or underestimated amount based on the totals collected at the 
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highest station; AWS4. It is not possible to confirm the amount that the results may be 

affected by snow cover. The most feasible option is to use the results of the yearly 

average IDW interpolation as over the years 2011- 2014 the gaps in the data and errors 

caused by snow fall will be averaged out of the final result. The results of IDW will 

therefore provide a plausible average precipitation distribution such as the one shown in 

Fig 4.31 which can be used to interpolate both the rainfall input into the catchment and 

the calculation of snow accumulation and melt (as calculated above). 

4.7 Summary 

This section describes and discusses the melt water inputs which were calculated in this 

chapter. These results will be used to support and inform the outcome of the more 

complex distributed WaSiM model (Chapter 7). As stated by Doherty (2010),  

“..it follows that a model should not be built and calibrated in isolation from the 

predictions that are required of it, and that environmental processes at the same 

site may need to be simulated in different ways to provide optimal bases for 

different management decisions.” 

Figure 4.32 shows the trends in water source to the river discharge over the summer 

months calculated from the above analysis (See Chapter 6 for calculation of river 

discharge series from which this data is derived).  
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Figure 4.32 Total monthly average river discharge against average precipitation, snow and glacial 

melt in 2013 (below the late summer ELA). Only the summer months are shown here due to the 

uncertainty in the precipitation data during the winter months. 

 

Figure 4.32 shows that glacier melt water becomes the most important source of water 

in the catchment discharge (in comparison to both rainfall and snow melt) during June. 

May is the month where rainfall is no longer the most important water input into the 

catchment to be replaced by melting snow. The proportion of glacier melt to river 

discharge falls in September. 

Ice melt is the greatest contributor to discharge from July to September, whereas 

precipitation is the most significant input during May. During the spring there is a 

period where it is shown that snow melt input into the catchment exceeds input from ice 

melt. 
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Figure 4.33 Summer snow melt in 2013 as a percentage of river discharge (m3) 

Figure 4.33 shows the monthly modelled total of snow melt input into the catchment 

over the summer ablation period. The peak in snow melt occurs earlier than the peak in 

ice melt. Snow melt contributes 58% of the total amount of water in the river during 

May. The amount reduces over the summer reflecting the reduction in the temporary 

snow reservoir. In September the contribution of snow melt to river flow is only 6%. 

In comparison to the total amount of water that is flowing through the catchment, 

precipitation is only a small proportion, with May the exception. A smaller amount of 

ice and snow ablation results in the precipitation forming the greatest component of 

river flow during May. With the reduction of snow cover and the increase in glacier area 

exposed to melt, the river discharge increases. The precipitation totals remain quite 

steady, not increasing beyond 50 x 106 m3 per month. In the summer of 2013 the month 

with the greatest rainfall was August yet this is not expressed in the monthly pattern of 

the river discharge. Discharge does not show a comparative rise in the monthly total for 

August. The river discharge shows a comparative drop after July. This is a probable 

result of the catchment absorbing the signal of a few heavy rainfall events during 

August which on a monthly scale does not translate into an increase in discharge. 

Monthly variation in precipitation will have a minimal effect on the changes in the river 
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discharge as long as there remains a significant glacier reservoir contributing the 

majority of water input to the catchment.  The proportional input to the river from 

rainfall reduces with the advance of the ablation season from almost 70% of the river 

discharge in May to less than 10% of the discharge in July. The proportion increases to 

30% in September as the upper regions of the glacier fall back into < 0°C inhibiting ice 

and snow ablation.  

The estimation of area average precipitation for the catchment is the biggest source of 

uncertainty. This is because the spatial distribution of precipitation is highly variable, 

resulting in two main problems. Firstly that the precipitation recorded at the weather 

station is not representative of the events that occurred in the catchment and secondly 

that the amount of precipitation at any point in the catchment area is difficult to 

estimate.  

Although these analyses are useful in understanding the sources of meltwater and their 

proportional influence on river flow, it cannot be used to accurately predict the total 

amount of discharge in the catchment and future changes without being calibrated and 

taking into account other factors including evapotranspiration, storage and routing 

factors. However this chapter provides the basis on which to design an appropriate 

model which will allow plausible future glacier scenarios to be predicted that will 

enable the modelling of the response of the river to catchment changes. 

 

 

 

 

 

 

 



121 
 

Chapter 5 Melt water transport  
 

5.1 Introduction  

Deglaciation has caused rapid changes in the proglacial foreland. Glaciers in Iceland 

have been retreating at rates of 14 m a-1 during the period 1990 – 2004 (Bradwell et al., 

2013) leading to the rapid formation of proglacial lakes at Virkisjökull and elsewhere 

(Bennett and Evans, 2012; Ageta et al., 2000; Kirkbride, 1993). These features can 

disappear as rapidly as they appear (Björnsson & Pálsson, 2008).    

The aim of this chapter is to use tracer tests, river discharge measurements and Ground 

Penetrating Radar (GPR) data (collected by Dr Andrew Finlayson) to characterise the 

glacial and pro-glacial hydrology of the rapidly de-glaciating system at Virkisjökull, 

and in particular to determine the water velocities through the glacier and pro-glacial 

area.   

Measuring water velocities in different parts of the catchment allows the significance of 

these areas to total river discharge to be directly compared. This information can then be 

used to investigate what the impact of anticipated changes in these areas will have on 

the total river discharge. 

The proglacial foreland at Virkisjökull is evolving in response to rapid deglaciation, and 

a large pro-glacial melt water lake has formed within the last 10 years. Based on a 

digital elevation model and field photographs this ice-floored lake has an area of 

approximately  1 km2 and a volume of approximately 8 x 1010 m3 (Fig. 5.1) and is 

characterised by areas of collapse features (Fig. 5.2) and braided melt water channels. 

The pro-glacial lake area is a geologically constrained basin with only one outlet for 

meltwater into the pro-glacial river. The lake sits on top of a sediment covered ice core 
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which is the remains of the former glacier.  Water discharging at the glacier snout flows 

across the debris surface for approximately 50m before it sinks back into this relict ice.  

There is no visible outlet for this water, other than the outlet of Virkisá. 

 

Figure 5.1 the pro-glacial foreland system showing areas of standing water and down-wasting ice 

 

 
 

Figure 5.2 A kettle hole collapse feature on the Virkisjökull pro-glacial area above a growing 

cavity within the ice core. 

 

 

This chapter improves our understanding of one of the most complex, changeable and 

dynamic parts of the catchment, one which is expected to increase in importance as the 

glacier reduces and the lake expands to accommodate the increased meltwater ponding 

in the over-deepened and geologically constrained basin. 
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All three components of the system are investigated: the glacier, the proglacial foreland 

(including the lake), and the pro-glacial river.   

5.2 Aims 

To characterise the glacial and pro-glacial hydrology of a rapidly de-glaciating system, 

and to determine the water flux rates through the catchment using a series of dye tracing 

experiments and analysis of lake level fluctuations. 

5.3 Objectives 

1. Establish the location of the main melt water conduit within the glacier 

2. Calculate the speed of water through separate parts of the system and its 

seasonal variation 

3. Characterise the role of the lake and foreland area in the catchment 

hydrological system 

4. Determine the extent of flow attenuation from the lake to the river 

5.4 Methods 

5.4.1 Overview 

Sub-glacial tracer tests were undertaken from glacial moulins to the outlet at the 

glacier snout to investigate meltwater velocities at the start and end of the main 

meltwater season in this rapidly deglaciating system. This coincided with the 

available fieldwork time and maximized the observable seasonal differences in 

glacier conduit form.  Ground Penetrating Radar (GPR) was used to investigate 

the thickness of the glacier ice and the location of the conduits within it. 
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Tracer testing was also undertaken in the proglacial foreland to investigate 

whether glacial meltwater sinking into the buried ice near the glacier terminus 

discharges into the lake via diffuse or point inputs, and to investigate whether 

water flow from the subglacial conduit outlet is attenuated during transit through 

the large lake area. Ground Penetrating Radar (GPR) surveys were undertaken 

prior to this study at Virkisjökull in the proglacial area to investigate the presence 

and nature of buried ice below the glacial outwash. They are used here to 

determine whether conduits are present within the buried ice.  

River discharge was measured in the pro-glacial river over three years, to 

determine temporal changes in meltwater discharge, and establish whether 

melting occurs on a perennial basis.  Results of a tracer injected into the river is 

used to provide an additional measure of discharge using the dilution gauging 

method, and also provide a measure of flow velocity within the pro-glacial river.   

The tracer tests therefore enable the comparison of velocities through the glacier, 

the pro-glacial lake, and in the pro-glacial river. 

Between 2012 and 2014 the level of the lake was recorded at three points in order 

to establish the role of the lake in the attenuation of river flow and its impact on 

the river hydrograph. 

5.4.2 Tracer tests 

5.4.2.1 Instrument calibration 

All dye traces were carried out using either Rhodamine WT (red) or Fluoresceine 

(greenish yellow) liquid dye both with a concentration of 40% by weight. Three 

GGUN-FL in-channel fluorometers designed at Neuchatel University were used to 

detect the dye and record fluctuations in turbidity. The fluorometers were calibrated to 
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standard concentrations in a laboratory setting prior to commencing fieldwork. 

Calibration standards were mixed using deionised water and dye measured using an 

accurate µml pipette. The calibration process was repeated for each fluorometer and 

bottle of dye prior to each field campaign. This was to account for changes in dye 

concentrations due to fluorescence decay with exposure to light, variability in different 

dye batches and instrument calibration ‘drift’ after periods of extended non-use. Dye 

concentrations were processed using FLUO software. Table 5.1 demonstrates the 

method of calculating precise dye concentrations of 100ppb. The calibration standards 

were poured within the fluorometer and then sealed (to prevent light altering the 

results). Readings were taken every second for 2 minutes or until the readings stabilised. 

Table 5.2 shows the typical results of the calibration readings. 

Table 5.1 Rhodamine WT (40% concentration) standard calculations for calibration. Standards H 

and R used for final calibration (100 & 10 ppb). 

 Solution Description Total dye (kg) g/l dye mg/l ug/l 

A Stock 2 kg 0.8 400   

B Intermediate 1 1g of 40% solution (A) in 1000mls  0.4 400 40000 

C Intermediate 2 1 ml of B in 1000 mls  0.004 0.4 400 

D Standard 0.25 ml of B in 1000 ml    100 

E Standard 25 ml of C in 1000 ml    10 

F Standard 2.5 ml of C in 1000 ml    1 

G Standard 1ml of D in 1000 ml    0.1 

H Standard 0.5ml of B in 1000ml       200 

R Standard 1.25ml of B in 1000ml       500 
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Table 5.2 100ppb Rhodamine WT dye calibration showing the differences between the 3 

fluorometers requiring calibration. 

Fluorometer Concentration  Lamp 1 Lamp 2 Lamp 3 Turbidity Temperature 

Name milliQ mv mv Mv Ppb °C 

SN341 100 ug/l 82.55 97.49 12.94 12.26 26.1 

SN135 100 ug/l 26.17 28 -0.08 21.65 26 

SN136 100 ug/l 27.85 26.76 -0.07 17.53 25.4 

 

5.4.2.2 Field Methods 

Glacial tracer tests were carried out at the end of the melt season in September 2013 and 

August 2014, and at the start of the melt season in May 2014.  The glacier comprises 

two arms split by a rocky ridge (Fig. 5.3).  Tracer tests were carried out in September 

2013 and May 2014 from a moulin on the east arm, 1.5 km from the terminus (Point 1 

on Fig. 5.3).  The flow into the moulin was substantially lower during the May test (Fig. 

5.4).  Monitoring was carried out in the stream where it exits at the glacier terminus.   

Two tracer tests were carried out from large moulins on the lower ablation zone of the 

western arm of the glacier in May and August 2014 (Point 2 on Fig. 5.3). These were 

0.839 km and 0.668 km from the terminus respectively. In all four tests a 40% sodium 

fluorescein dye solution was injected, and monitoring was carried out using a flurometer 

in the river just downstream from where it discharges through the glacier snout (Point 3 

on Fig. 5.3). 

The pro-glacial lake area is a geologically constrained basin with only one outlet for 

meltwater into the pro-glacial river. The lake sits on top of a sediment covered ice core 

which is the remains of the former glacier.  Water discharging at the glacier snout flows 

across the debris surface for approximately 50 m before it sinks back into this buried 

ice.  There is no visible outlet for this water. In order to investigate the hydrological 

functioning of the pro-glacial lake and foreland, tracer was injected into the river where 
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it emerged at the glacier terminus, 20 m upstream of where it sank into the proglacial 

foreland buried ice (Point 8 on Fig.5.3). The test was carried out in September 2013 and 

a 40 % Rhodamine WT solution was injected.  This dye was used because it is not 

susceptible to photochemical decay if exposed to light during transit through the lake. 

The east and west side of the lake outlet channel, and the downstream river gauging 

station were monitored for dye tracer return (Points 4, 5 & 6 on Fig.1). 

GGUN-FL in-situ field fluorometers designed at Neuchatel University were used at all 

monitoring sites to measure fluorescence and turbidity at 2 minute intervals.  The 

fluorometers were calibrated to standard concentrations before field work commenced.  

Monitoring was carried out for as long as possible before and after the tests to ensure 

background fluctuations in fluorescence were well characterised, and to capture the tail 

of the breakthrough curves.  On occasion monitoring periods were shortened because 

high flows put equipment at risk.  Monitoring was continued for a minimum of 2 days 

after the dye injection where possible. 

Tracer recoveries were not calculated at the lake outlet and the glacier terminus because 

it was not safe to measure the river discharge. They were not calculated at the 

downstream monitoring point in the proglacial river because although discharge data are 

available, the dilution gauging showed that there is incomplete tracer mixing within the 

channel and therefore it is not possible to estimate an accurate recovery. 

Turbidity increases fluorescence, and fluctuates in response to discharge (Wilson et al., 

1986).  It is therefore highly variable in glacial environments where discharge varies 

considerably due to both diurnal fluctuations in melting, and in response to rainfall 

(Schnegg, 2002).  Turbidity measurements were collected concurrently with 

fluorescence data, enabling identification of fluorescence changes that were likely to be 

due to turbidity fluctuations rather than changes in tracer concentration. 
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5.4.2.3 Dye tracer data analysis  

Dye tracer breakthrough curves were analysed by considering the time to dye 

breakthrough, the magnitude of the peak and the time taken for fluorescence to return to 

background levels. Turbidity was continuously monitored by the fluorometers so that its 

impact on the fluorescence results could be assessed and if necessary removed. 

Similarly the background fluorescence was assessed using on average two days of 

continuous monitoring prior to dye injection. All measurements outside the mean (to 2 

standard deviations) were considered genuine dye breakthrough and not as a result of 

naturally occurring background due to sediments held in solution. All results were given 

in parts per billion (ppb) of dye in water. 
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Figure 5.3 The lower part of the Virkisjökull catchment including the lower ablation zone and the 

pro-glacial lake area and outlet river. Points labelled on the map are (1) East arm injection moulin 

(2) west arm injection moulin May 2014 & August 2014 (3) Glacier snout outflow monitoring 

point (4) lake outlet west monitoring point  (5) lake outlet east monitoring point (6) Proglacial 

river monitoring point (for proglacial foreland tracer test) point (7) Dilution gauging river injection 

point (8) proglacial foreland river sink injection (9) West bank dilution gauging monitoring point 

(10) East bank dilution gauging monitoring point. 
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Figure 5.4 The same injection moulin in September 2013 (A) and April 2014 (B). Note the lower 

flow in April however there is still water flowing. Dye injected is sodium Fluoresceine. 
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Figure 5.5 Setting up dye tracer detection points a) glacier terminus, b) lake west, c) lake east 

 

Figure 5.6: Turbidity against fluorescence in parts per billion from the dye tracer test conducted in 

September 2013. Measurements were taken after the peak of the breakthrough curve. y = 98.809x - 

296.19; R² = 0.969.  
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5.4.3 Proglacial river discharge measurements for investigation of the foreland 

 

Figure 5.7: (a) River discharge record from August 2013 to August 2014 showing areas in 

grey when tracer tests were carried out and values for manual river gaugings. Gaps in the 

record are dates removed due to channel ice. (b) Detail of the river discharge measurements 

during the tracer tests. 

 

River discharge was monitored 2.92 km downstream of the lake outlet (Fig. 5.3).   

An automatic river gauging station was set up in order to monitor velocity and 

depth of the pro-glacial river (Virkisá).  An OTT Kalesto V5 Stream velocity 

sensor and a submersible level transmitter are used to calculate discharge at 15 

minute intervals from 16/09/11 until 15/11/14.  Because ice formation affects the 
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stage-discharge relationship, photographs were taken three times daily at 9:00, 

12:00 and 15:00 to identify ice development in the channel during winter periods. 

Dates when ice was present in the channel or around the banks are removed from 

the discharge record.  Results from the automatic sensors are validated with 10 

manual gaugings that took place between 2011 and 2014 during a wide range of 

discharge conditions (Fig. 5.7a).  Temperature was measured at hourly intervals at 

the gauging station using a temperature probe. For more information on the 

collection of river discharge data see Chapter 6. 

5.4.4 Ground penetrating radar 

Ground Penetrating Radar (GPR) surveys were performed at Virkisjökull in April 

2012 and 2013 as part of an ongoing study into the structural glaciology by Dr 

Andrew Finlayson of the British Geological Survey (Phillips et al., 2013; 2014). 

The results of these surveys have been interpreted with permission in this thesis as 

an indication of possible water flow pathways within the glacier.    A GPR survey 

was also conducted in the proglacial area in September 2012. A PulseEKKO Pro 

system with 50 MHz and 100 MHz antennae was used. Antennae were aligned 

perpendicular to travel direction and towed manually across the surface, with the 

radar being triggered at 0.25 m and 0.5 m spacing by an odometer wheel. Where 

the ice surface was fractured, the antennae were moved stepwise and the radar 

was triggered manually. Positional data were stored alongside GPR trace data 

using a standalone Novatel SMART-V1 GPS antenna.  Raw GPR data were 

processed in EKKO View Deluxe (Sensors and Software, 2003). The processing 

consisted of applying a dewow filter, 2-D migration (for clean ice surveys), SEC 

(Spreading and Exponential Compensation) gain, and topographic correction. For 
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the clean glacier ice, a radar wave velocity of 0.156 m ns-1, previously calculated 

for Virkisjökull (Murray et al.., 2000) was used. 

 

5.4.5 Dilution gauging   

 

 

 

 

 

 

 

 

Figure 5.8 Dilution gauge using Rhodamine WT red dye in Virkisá. The west bank detection point 

is on the bottom right. Note Virkisjökull is in the background. 

 

Dilution gauging (Fig. 5.8) was attempted downstream of the river gauging station as a 

means of evaluating the method as an alternative to bridge gauging with a current meter, 

and to measure the water velocity over an extended reach in the proglacial river.  

Rhodamine WT dye was injected directly into the centre of the pro-glacial river channel 

downstream of the lake outlet (Point 7 in Fig. 5.3). Monitoring was carried out 2.92 km 

downstream of the injection point on the east and west side of the river to check for 

tracer mixing (Fig. 5.3). River discharge is calculated using the method outlined by 

Leibundgut (1998): 



135 
 

 
𝑄 =  

𝑀

∫ 𝐶𝑡 
∞

0
×  ∆𝑡

 

 

(5.1) 

Where Q is the discharge in flowing water; M is the mass of injected tracer; 𝐶𝑡  is the 

tracer concentration at time t (the integral is the area under the breakthrough curve); and 

∆𝑡 is the length of the constant time interval. 

The velocity in the pro-glacial river over the 2.9 km section was calculated based on the 

measured time to first arrival of tracer and time to peak tracer concentrations. 

5.4.6 Lake storage 

 

Lake level water was monitored between 2012 and 2015 in order to assess the lake areas 

impact on the catchment hydrology and how much it is likely to attenuate flow. Three 

locations were chosen on the west, east and downstream of the lake outlet (points 4, 5 

and 7 on Fig. 5.3).  Water levels were recorded hourly using Barotroll instruments 

which were placed inside stilling wells made of durable plastic casing and fixed to the 

bank for stabilisation (Fig. 5.9). Due to the dynamic and changeable nature of the 

proglacial area there were times where the stilling wells were buried in mud, ice or 

water levels dropped below the level of the peizometer. Dates when this occurred were 

removed from the record (Fig. 5.10) 
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Figure 5.9 East and West bank lake level monitoring stations. 

 

 

Figure 5.10 West bank piezometer frozen into the lake surface 

 

A simple model was designed based on the sound assumption that inflow can be 

inferred from outflows plus or minus change in storage. The model makes no allowance 
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for loss to groundwater, however due to the small area and the geologically constrained 

lake outlet there is unlikely to be a large amount of water loss. The model is sensitive to 

lake area and so by varying the assumed mean width and length of the lake an effect on 

the inferred inflow can be observed. The dimensions chosen to best represent the current 

lake area are 100 m width and 800 m length. This assumes a rectangular lake area; 

however storage is a function of area. No allowance is made for travel time from the 

lake to the bridge gauging station either, however the expected length of travel time is 

always less than an hour between these two points and the lake level data are only 

collected on an hourly basis. 

 

5.5 Results 

5.5.1 Sub-glacial tracer tests 

Tracer breakthrough at the glacier snout was very rapid in September 2013, occurring 

50 minutes after dye injection into the moulin on the eastern arm of the glacier (Fig. 

5.11a). Peak concentrations were about 58 minutes after injection.  Monitoring stopped 

703 minutes after injection when the water level dropped below the level of the 

fluorometer because the water was diverted naturally into a different channel.  Tracer 

concentrations decline to below background levels 513 minutes after the dye injection. 

However turbidity was lower and decreasing at this time suggesting that background 

fluorescence was lower than at the start of the test, and therefore it is difficult to 

determine exactly when tracer ceased to be discharged.  At the end of a full melt season 

the melt-water transmission to the glacier margin (based on the time to peak of the 

tracer test) was rapid at 0.58 m s-1. 

In May 2014, at the beginning of the ablation season, the tracer breakthrough along this 

flowpath was less rapid, occurring 318 minutes after the tracer injection (Fig. 5.11a). 
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Peak tracer concentrations were also later (336 minutes after injection).   Tracer 

concentrations had not returned to background when monitoring stopped 744 minutes 

after injection due to high flows which put the fluorometer at risk.  At the beginning of 

the melt season the melt-water transmission to the glacier margin (based on the time to 

peak of the tracer test) was 0.07 m s-1.  

 

Figure 5.11: A. Tracer breakthrough curves during the glacier tracer tests on the eastern glacier 

arm in September 2013 and May 2014. B. results from the test undertaken from the moulin on 

the western glacier arm in May 2014 showing no breakthrough (fluctuations in florescence are 

a result of turbidity, shown in grey). C. results from the test undertaken from the moulin on the 

western glacier arm in August 2014 showing no breakthrough (fluctuations in florescence are 

the result of turbidity, shown in grey). 
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The tracer test from a moulin on the western arm of the glacier in May 2014 resulted in 

no observable break-through curve at the glacier snout (Fig.5.11b). The changes in 

florescence have a similar pattern to the changes in turbidity, and apparent increases in 

tracer concentration around 491 minutes after injection coincided with turbidity 

increases suggesting that they are natural background fluctuations rather than tracer 

being discharged. Monitoring stopped 717 minutes after injection because of movement 

of the outlet channel putting equipment at risk. Whilst it is possible that the tracer 

breakthrough could have occurred after monitoring stopped, this is unlikely given that 

the monitoring continues for substantially longer than the time taken for tracer 

breakthrough from the moulin on the eastern arm which was carried out during the same 

period under similar discharge conditions suggesting that there should have been 

enough flow in the injection moulin to flush the tracer through the system. In addition, 

the moulin on the western arm is much closer to the glacier snout monitoring point than 

the moulin on the eastern arm. It is therefore quite likely that sufficient tracer was 

injected and that tracer breakthrough at the glacier snout would have occurred within 

the monitoring period if there was a connection. 

In August 2014 a tracer test was carried out from another moulin on the western arm of 

the glacier but there was also no observable break-through curve (Fig. 5.11c), despite 

two days of monitoring following injection and higher flow rates during the test. This 

suggests that drainage from the western arm of the glacier may not be connected to the 

outlet at the glacier snout.  

5.5.2 Pro-glacial tracer test 

A breakthrough curve was obtained at the lake outlet west bank monitoring site (Fig. 

5.12). Tracer breakthrough was at 19:00 on 17/09/13, 450 hours after injection (Fig. 

5.12a).  Peak concentration occurred at 20:30, 540 hours after injection.    
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Two smaller peaks 630 and 1475 minutes after injection are within measured 

background levels and coincide with increasing turbidity suggesting that they are 

variations in background fluorescence rather than tracer discharge.  There was no tracer 

breakthrough at the lake outlet east monitoring point (Fig. 5.12b).   

Tracer was detected at the bridge monitoring site in the river (approximately 1.5 km 

downstream of the lake outlet monitoring point). Although there is only a very small 

rise in dye concentration the turbidity is declining at this point suggesting that it is tracer 

being discharged (Fig. 5.12c). Tracer arrival is around 20:00 hrs giving a travel time of 

1 hour from the lake outlet to the road bridge within the main river channel which is 

similar to the travel time observed in the river tracer test (see below). Peak 

concentrations occurred at 04:30 hrs on 18/09/13.  Tracer concentrations remained 

above background for the longest time at this detection point reflecting dispersion along 

the river channel.  They did not decrease to below background levels until 19.09.2013 at 

13:00 hrs, 72 hours after the injection. Table 5.3 summarises the main findings for 

direct comparison between the three systems. 
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Figure 5.12: Rhodamine WT breakthrough curves during the proglacial tracer test. (a) at the Lake 

Outlet channel west (b) at the Lake Outlet channel east (c) at the downstream river gauging station. 

Background fluorescence is the signal naturally detected as a result of particles in the water 

 

 

 

 

 

 

a) 
b) 
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Table 5.3: Summary of all tracer tests performed at Virkisjökull and their main findings. Velocity 

is calculated using the distance and time to peak.  

Location Injection 

time & 

date 

Dye 

 

Dye 

(g) 

Distance 

(km) 

Time to 

peak  

(min) 

Velocity 

(m/s) 

Post-

injection 

monitoring  

(hr) 

East 12:04, 

12.09.13 

Fluorescence 

 

500 1.5 43 0.58 11.5 

East 14:16, 

03.05.14 

 Fluorescence 

 

500 1.5 318 0.07 12.5 

West 

 

16:02, 

04.05.14 

Rhodamine 

WT 

400 0.668 NA NA 12 

West 

 

11:18, 

04.08.14 

Fluorescence 580 0.839 NA NA 48 

Foreland 16:48, 

17.09.13 

 

Rhodamine 

WT 

2199 1 450 0.03 72 

River 11:45, 

15.09.13 

Rhodamine  

WT 

128 2.92 90 - 

115 

0.6 4 

 

5.5.3 River discharge 

Measured river discharge fluctuations at Virkisá are typical of sub-arctic meltwater 

rivers which are dominated by seasonal and diurnal temperature fluctuations (Shaw et 

al.., 2011). There is a strong seasonal variation in flow which increases between May 

and September and decreases between September and November (Fig. 5.7). Data for the 

winter are limited due to icing, but the photographs and direct measurements in all 

seasons indicate that the river flows throughout the year, even when ice is present.  This 

suggests that ice melt continues in the winter period and conditions are not cold enough 

to cause conduits to freeze and close.Winter river flow also been observed in other 

glacier catchments in Iceland including Solheimajokull (Staines et al, 2015) This is 
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despite daytime temperatures in winter falling below 0 °C for up to 5 consecutive days.   

Over the 3 year monitoring period the mean flow was 5.6 m3 s-1, and the maximum flow 

was 39 m3 s-1 during a flood on the 6th of December 2013. 

The times of the tracer tests are presented on Fig. 5.7b to show the hydrological 

conditions during the tests. Three tests were carried out in September 2013, towards the 

end of the meltwater season.  The east arm glacier tracer test was conducted during 

moderately high flows (5.5 m3 s-1). The flow was decreasing during the proglacial 

foreland tracer test, and was lower (4 -3 m3 s-1).  The proglacial river tracer test was 

conducted when the flow was 3 m3 s-1.  The second east arm glacier tracer test was 

carried out at the start of the following meltwater season in May 2014 when flow was 2 

m3 s -1. 

5.5.4 GPR  

 

According to the GPR profiles collected and interpreted by Dr Andrew Finlayson of the 

British Geological Survey, sub-horizontal to gently up-ice dipping reflective surfaces 

within the glacier are apparent in profiles for the lower parts of the glacier (Fig 5.13A)). 

These reflectors are, in places, very high amplitude.   In several areas their polarity is 

reversed, indicating a higher dielectric permittivity and lower wave velocity in the 

material below interface, suggesting the presence of water, or wet sediment. These sub-

horizontal reflectors are longitudinally continuous for distances in excess of 100 m; they 

have been interpreted as thrust planes (Phillips et al., 2013), where the fractured ice 

potentially provides a zone for water flow and conduit development. Field observations 

(Fig 5.13B) confirmed the presence of wet, graded (waterlain) sediment (comprised of 

glacier rock flour and moraine basaltic sands and gravels), and conduits in one of these 

thrust planes. Observations made during borehole drilling into the ice through these 

features showed that at the beginning of the melt season they were filled with 
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pressurized meltwater incicating a high meltwater input into the network.  A prominent 

down-ice dipping reflector extends from the glacier surface, where it occurs in 

association with three moulins, down to the glacier bed approximately 50 m below the 

surface (Fig 5.13C).  The reflector joins a zone of lateral fractures at the ice surface, and 

is interpreted as part of a down-ice dipping fault system where part of the glacier is 

collapsing (Phillips et al. 2013).  The focusing of moulins at the fault zone indicates that 

the system acts at an effective water flow conduit.  Collectively, the results from the 

glacier suggest that there is a pattern of conduit formation in the lower glacier which is 

associated with ice structures (thrusts, faults), ice-surface topography and the position of 

moulins which occur predominately on the eastern side of the glacier where there may 

be a high meltwater input to the fault and thrust plane network (Fig. 5.13D). 

 

 

Figure 5.13. A. Continuous sub-horizontal reflector interpreted as thrust plane. B. Field 

photograph at debris covered ice margin showing a conduit developed within a sediment filled 

thrust plane. C. Enlarged composite image showing up-ice and down-ice dipping reflectors in the 

lower glacier, interpreted as thrust and fault planes. D. Composite of glacier GPR surveys showing 

a zone in the lower glacier with clear reflectors representing a well-developed englacial structural 

network. Data collected and figure made by Dr Andrew Finlayson (BGS). 
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Figure 5.14.GPR profiles in the pro-glacial area. A. Photograph showing the location of GPR 

profiles B-B’ and D-D’, and observation point C. B. Un-migrated GPR profile across the 

proglacial area. The marked zone of reduced reflections coincides with the linear track of collapse 

features in the photograph in A.  C.  Field photograph showing ~2 m of stratified sand and gravel 

overlying buried ice. D. Un-migrated GPR profile showing a collapse structure and fill material 

(C.F) overlying a strong hyperbola interpreted as a water-filled conduit. Data collected and figure 

made by Dr Andrew Finlayson (BGS). 

 

GPR profiles in the proglacial area (shown in Fig. 5.14A) are characterised by an upper 

unit of horizontal and gently undulating reflectors overlying a generally less reflective 

unit (Fig 5.14B).  Field observations confirm that the upper unit is stratified outwash 

sand and gravels which are 1-2 m in thickness, and that the lower less reflective unit is 
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buried ice (Figs 5.14B, C).  The top of the buried ice is characterised by a number of 

hyperbolae, which may represent water-filled conduits or cavities close to the ice 

surface.  The base of the ice is marked by a transition back to higher amplitude 

reflectors (Fig 5.14B).  Clear, reversed polarity hyperbolae occur in several places in the 

ice (for example, Fig. 5.14D).  These are interpreted as water-filled conduits and, in 

places, are associated with a thickened zone of chaotic reflectors in the sands and gravel 

above, representing collapsing ground (Fig. 5.14D).   A marked zone of muted or absent 

reflections was observed in a number of profiles where they crossed a distinct linear 

zone that had been particularly affected by collapse holes.  The exact reason for poor 

reflection in this zone is not known, but it may be related to a turbulent subterranean 

river that was observed sinking underground in this zone at the time of survey (Fig 

5.14A).   Field observations indicate that kettle holes and collapse features in the pro-

glacial zone intercept a freely draining system as melt water from the terminus is 

regularly redirected into one of these features. Collectively the radar data and 

observations from the proglacial area demonstrate the presence of an extensive mass of 

ice buried, with numerous conduits and voids, beneath the outwash sands and gravels.   

 

5.5.5 Dilution gauging 

The flow gauging undertaken at the beginning of the dilution gauging experiment on the 

pro-glacial river gave a flow of 2600 l s-1. However the flow given by the dilution gauge 

gave a flow estimate of 3011 l s-1. This is an overestimate because not all the tracer had 

come though. More dye tracer was discharged on the west bank of the river (28123 µg) 

than on the east bank (19437 µg). This means that the east side overestimates the actual 

flow whereas the west side of the channel generates an underestimated flow (Table 5.4). 

A comparison of the two breakthrough curves shows that the tracer was not fully mixed 

throughout the channel when travelling downstream to the detection point (Fig. 5.15). A 
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small just perceptible second peak in the east bank breakthrough curve suggests that 

braiding upstream of the monitoring point may have resulted in a large proportion of the 

tracer taking a long route to the detection point.  When compared with the continuously 

monitored discharge on Virkisá it can be seen that the actual discharge was best 

represented by the detection on the west bank of the river. The differences between the 

discharges calculated using this method between the two sides of the bank show that 

even over a long distance the river does not mix fully (Fig. 5.15). 

 

Figure 5.15: Proglacial river tracer test results (A) Tracer breakthrough curves (B) Comparison of 

flow measured at the gauging station with flow estimates from dilution gauging.  
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Although the dilution gauging was carried out over a distance of 2.9 km the tracer was 

not fully mixed across the channel at the monitoring point, illustrating the difficulty of 

achieving dye mixing in complex braided mountain river channels and within 

acceptable distances.  The peak concentration and tracer recovery were higher on the 

east bank monitoring point than on the west bank, and tracer arrival was faster on the 

east side (Fig. 5.15a).  Data from the west side give an overestimate of the flow 

obtained from the gauging station, whereas the data from the east side underestimate 

flow.  Because full mixing was not achieved it is not possible to obtain an accurate flow 

estimate from the dilution.  However, the flow estimates from the dilution gauging are 

broadly similar to the continuous flow estimates during the test (Fig. 5.15b).  

The tracer test demonstrated rapid velocities along the river.  Velocity based on time to 

first arrival of tracer was 0.6 m s-1, whilst the velocity based on the time to peak was 0.4 

m s-1.   

Table 5.4 Specifications of the river dilution gauging experiment for both west and east channel 

banks. 

 West East unit 

Mass  128000000 128000000 µg 

Background  11.8 29.2 µg/l 

Av excess  1.8 2.7 µg/l 

Time t  15800 15710 S 

Area  28122.7 42514.2 µgs/l 

Discharge Q  4551.5 3010.8 l/s 

 

 

5.5.6 Lake attenuation 

The model shows that the current effect of the lake on the hydrograph is barely 

discernible, suggesting that the lake does not hold water in storage for a significant 
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amount of time, nor attenuate flow. This supports the findings of the dye tracing 

experiments which show rapid movement of water from the glacier through the lake 

area into the river via conduits preserved within the debris covered ice-core. However 

the attenuation capacity of the lake increases as the rectangular area increases. This 

suggests that with increased glacier reduction and a larger pro-glacial area, changes in 

the river hydrograph may also be the result of changes in lake attenuation as it grows 

(Fig. 5.16). However as shown in Chapter 7, this is not found to be the case. 

 

Figure 5.16 Lake attenuation model example showing the close relationship between lake inflow and lake 

outflow and its similarity to fluctuations in the lake stage. 

 

5.6 Summary 

 Meltwater velocities through the glacier from the eastern arm are extremely rapid at the 

end of the main melt season (0.58 m s-1).   This is almost identical to the velocity of 0.6 

m s-1 observed in the proglacial river channel, suggesting that meltwater transfer is as 

efficient within the glacial conduit system as it is within the braided proglacial river 

channel.  It is also substantially higher than the velocities observed during tracer tests in 

karst conduits and caves. Worthington et al. (2009) compiled velocities from 3015 karst 
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tracer test which had a median velocity of 0.02 m s-1. The Haut Glacier D’ Arolla in 

Switzerland was found to have velocities in glacier conduits at between 0.37 – 0.72 m s-

1, so although the glacier water flow is rapid, it is within observed velocities for other 

glacial tests (See table in literature review).   

A repeat test undertaken at the start of the following ablation season demonstrates a 

lower velocity of 0.07 m s-1. Flow in the pro-glacial river is substantially lower during 

this tracer test (~2 m3 s-1 compared to 5.4 m3 s-1). Flow in the injection moulin is also 

substantially lower.  

Changes in flow velocity and dispersivity have been interpreted as a change from a 

distributed system to a channelized one (Seaberg et al., 1988; Willis et al., 1990; 

Fountain, 1993; Nienow et a.., 1998; Hock & Hooke, 1993). However this assumption 

has not been validated in glaciers where the drainage system configuration is 

independently known (Gulley et al., 2012a).  Velocities lower than 0.4 m s-1 have been 

interpreted as flow in a distributed system in previous studies (Nienow et al., 1998; 

Mair et al., 2002; Hubbard & Glasser, 2005).  These velocities are an order of 

magnitude higher than the median velocity of 0.02 m s-1 for karst aquifers reported by 

Worthington et al. (2009) and it is therefore likely that the even these lower velocities 

observed in subglacial tracer tests are indicative of well-developed ice conduit systems.  

It is well known from karst systems that velocities along the same flow-path can vary 

greatly in response to discharge, with faster velocities under higher flow conditions (e.g. 

Stanton & Smart, 1981; Göppert & Goldscheider, 2007).  Whilst this can be due to 

activation of a slightly different karst conduit flow-path under different flow conditions, 

it can also be due to changes in dispersivity and pooling along the same flow-path.   By 

analogy, it is therefore difficult to draw conclusions about morphological changes in 

glacial conduit systems using tracer tests.   
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At Virkisjökull, repeat visits suggest that the conduit persists throughout the winter and 

its morphology appeared not to vary between repeat field visits from 2012 – 2014 when 

moulins and the outlet were observed to remain in the same location. According to the 

GPR survey the ice at the terminus overlying the conduit is < 50m. Nienow et al. (1996) 

showed that velocities in glacial conduits were lower during tests in which the flow in 

the injection moulin was lower, whilst velocities did not seem to relate to changes in 

flow in the outlet channel.   

 It seems likely that in this study, reduced input flow (melt) into the injection moulin is 

the main reason for the lower velocities (0.07 m s-1) observed at the start of the melt 

season, rather than a dispersed drainage system. Tracer may move less rapidly in the 

channel at low flows as it is slowed down in pools and around boulders due to the 

increased tortuosity (Hauns et al., 2001; Benn & Evans, 2010). At high flow boulders 

are completely submerged thereby reducing the amount of back-eddy current and 

temporary storage (Gulley et al., 2012a).  

Meltwater velocities in glacial systems vary greatly because of discharge variations, and 

have been shown to do so in response to diurnal changes (Schuler & Fischer, 2009). The 

two glacier tracer tests that produced breakthrough curves were carried out under very 

different conditions: the end of the main melt season when flow in the glacial outlet 

channel was above average , and flow in the injection moulin was high; and the start of 

the melt season when flows were substantially lower. In the study by Schuler et al. 

(2004) diurnal variations in velocities were from 0.34 to 0.75 m s-1 in tests during 

August 2000, and from 0.15 – 0.58 m s-1 in tests during September. These variations are 

relatively small compared to the order of magnitude variation observed in this study. 

The second tracer test was conducted when flow in the injection moulin was very low 

and it is unlikely that a tracer test could be carried out under much lower velocities. 
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Therefore the velocity of 0.07 m s-1 is likely to be fairly close to the minimum velocity 

in this system, although velocities may be lower from other moulins. It is likely that at 

times flow into the injection moulin is higher than it was during the high flow test in 

September, and it is therefore possible that velocities may be higher at times. Slightly 

higher velocities have been observed in other glacial tracer tests. However the results 

from these subglacial tracer tests are broadly comparable to these other published 

studies.  

The velocity in the buried ice channel through the foreland area is 0.03 m s-1 which is 

similar to the velocity in the subglacial conduit system in May. This suggests a well-

developed conduit system which discharges through a discrete point into the lake and 

then continues as channelized flow without any substantial ponding or dispersion before 

reaching the lake outlet channel. The prevalence of this conduit system may explain 

why the lake is not observed to attenuate flow significantly. In this deglaciating system 

meltwater is efficiently drained through the entire system – the glacier, the proglacial 

area and the river.  
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Chapter 6 Catchment water output 
 

6.1 Introduction 

Virkisá is a pro-glacial runoff river which originates on the ice cap summit of 

Örӕfajökull. On its journey through the catchment the river takes many forms. Ice 

surface runoff that sinks into englacial channels via moulins is the highest altitude 

surface expression of water drainage. After emerging from the glacier terminus, the 

river channel enters a region of highly dynamic and changing geomorphology in the 

region formerly covered by ice. As discussed in previous chapters this region comprises 

buried ice, with a variable moraine debris cover of between 0.5 and 5m thickness and 

averaging c. 2m. Within the buried ice there is a channelised system of conduits that are 

identified on the surface by a line of kettle holes and collapse features. Within this area 

there is also a small and expanding lake which at low flows can more closely resemble a 

braided channel, and at high (summer) flows assumes the role of an expansive water 

store. Glacial melt water can enter the lake via surface flow (often during flood events 

that reoccur approximately every 3.5 months at ~30 m3 s-1, see section 6.5.4) or through 

the buried ice and sediments under the lake. At the lake outlet the channel passes over a 

geological constraint comprised of an impermeable bedrock sill that limits the 

interaction between the river, and the glacier and lake to this point only. For 

approximately 2 km it flows over an outwash plain that comprises highly permeable and 

mixed material (called the sandur) and forms a braided and fast flowing channel. Below 

the monitoring point at the bridge (part of the BGS Observatory) the river continues on 

a gentle gradient south-east towards the sea, where it joins other tributaries and 

terminates approximately 60km from its source. 
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This river is typical of those found in the south east of Iceland due to its glacial source 

and expansive outwash plain, formed as a result of sudden and catastrophic outburst 

floods triggered by seismic and volcanic activity as well as long term sedimentation and 

isostatic uplift. The region of interest in this catchment comprises exclusively the area 

upstream of the bridge that encompasses 2 km of river channel, the lake/pro-glacial area 

and the glacial system (and surrounding slopes). The lower sandur is investigated in a 

separate project that is specifically concerned with the connection between the river and 

groundwater and was beyond the remit of this PhD and explored in another BGS 

project. 

The discharge of Virkisá has been monitored and analysed in order to understand the 

characteristics of the drainage in this catchment and the controls on it. It was anticipated 

that due to the high percentage of the catchment being covered by glacier ice (60%) the 

river would exhibit behaviour typical of a glacier melt water stream. This is one that is 

highly controlled by seasonal fluctuations in melt water production, generated by 

variations in temperature.  The dynamics of Virkisá must be understood in order to 

hypothesise current and future changes under the current phase of rapid deglaciation. 

These are the rivers response to glacial and snow melt, its sensitivity to variations in 

precipitation (paying particular attention to the fact that the precipitation on Örӕfajökull 

is one of the highest in Iceland), and its seasonal and diurnal patterns under current 

climatological and catchment conditions. The descriptive and statistical viewpoint 

described in this chapter provides a background understanding that will ensure the 

relevance of the model adopted later in Chapter 7 (Laurenson, 1975). 

6.2 Aims 

Examine the daily discharge fluctuations of Virkisá, and relate its behaviour to stores 

and sources within the catchment at daily to seasonal timescales.  
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6.3 Objectives 

1. Identify seasonal and daily forces acting on the river and quantify their impact 

on the discharge hydrograph. 

2. Calculate the frequency of high flows  

3. Identify extent of catchment water storage using the flow duration curve and 

quantify its influence on the discharge hydrograph.  

6.4 Methods 

6.4.1 Gauging station set up 

A gauging station was established on Virkisá 2 km downstream of the glacier and lake 

foreland system where the water is flowing across the outwash fan, named 

Skeiðarasandur (hereafter referred to as the sandur). The gauging station consists of two 

steel stilling wells each containing an automatic level logger and a stage board fixed to 

the bridge which did not move throughout the collection of data. Fixed to the 

easternmost pillar of the bridge was an Impress ceramic water level and temperature 

sensor. On a central pillar in the lee of the main flow path was installed a similar 

submersible level transmitter. The stage boards allowed river level to be read by eye as 

a check on the calibration of the instrument measured stage. Additionally an OTT 

Instruments Kalesto V Stream Velocity Sensor was installed to continuously monitor 

the velocity of the river and was suspended from the bridge aimed at the area of greatest 

flow.  This provided a highly detailed measurement of velocity that could be checked 

against manual gauging. Situated on the automatic gauging station was a camera that 

also gave an independent check on the level of the river. Photographs were taken three 

times daily and were accessible remotely using an internet connection. Figure 6.1 shows 

the gauging station setup and Table 6.1 lists all the instruments installed. 
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Table 6.1 All gauging station instruments 

Automatic Gauging Station Instruments 

OTT Instruments Kalesto V Stream Velocity Sensor 

Automatic Stream Gauge 1: level and temperature sensor 

Automatic Stream Gauge 2: submersible level transmitter 

Camera 

2 stage boards attached to opposite piers of the bridge 

 

 

 

 

 

 

 

 

Figure 6.1 Images of the gauging station setup, a) view from under bridge east side showing the velocity 

sensor on the right and the mid-stage board fixed to middle pier. The station with the camera attached are 

shown on the left, b) view of station ASG1, c) detail of velocity sensor facing into fastest area of flow. 
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6.4.2 Stream gauging 

Manual stream gauges were undertaken periodically with the aim to capture the greatest 

range of discharges. Gaugings were taken upstream of the bridge using an Ott C-31 

current meter which could be used for wading and, when suspended on a 3 m rod, 

gauging from the bridge. Measurements of velocity and depth were taken at 1 m 

intervals over the channel width and included a measurement of velocity at 0.6 of the 

depth (Herschy, 1999) (Figure 6.2). Table 6.2 lists all gaugings that were taken over the 

field campaigns from 2012 – 2014. When in-channel gauging was not possible due to 

very high flows, readings were taken of the surface velocity from the bridge and scaled 

with a correction factor. Between 2011 and 2014 the range of flows captured fell 

between 1.45 (20/04/2013) and 32.05 m3 s-1 (07/10/2014). Due to the practicalities of 

accessing the river and also the distribution of flows occurring, lows flows are better 

represented by gauging and therefore the rating curve is well constrained below 10 m3 s1 

and less so above this discharge. 

 

Figure 6.2 Manual stream gauging under the bridge. Velocity sensor is visible in the top right of 

the image (October 2014). 
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Table 6.2 Manual river gauging undertaken between 2011 and 2014. The majority of manual 

gauging were undertaken by Andrew Black with assistance from the author and a number of 

undergraduates, BGS scientists and field assistants. 

Date Time Gauged Flow 

08/09/2011 16:45 4.810 

09/09/2011 18:55 3.807 

09/09/2011 19:40 4.361 

10/09/2011 11:00 2.157 

10/09/2011 13:15 2.489 

14/09/2011 08:15 2.658 

14/09/2011 19:35 4.044 

15/09/2011 10:20 3.628 

16/09/2011 12:43 11.401 

17/09/2011 14:25 14.695 

18/09/2011 09:58 6.782 

18/09/2011 15:32 8.115 

11/09/2013 11:30 5.27 

12/09/2013 11:30 9.22 

12/09/2013 19:30 7.32 

14/09/2013 10:50 3.42 

15/09/2013 19:00 3.05 

20/04/2013 11:00 1.45 

21/04/2013 19:30 1.49 

02/05/2014 12:00 1.52 

02/05/2014 18:55 2.09 

03/05/2014 10:05 1.53 

05/05/2014 17:55 3 

04/03/2014 10:05 1.63 

06/05/2014 13:45 5.25 

06/05/2014 19:35 5.37 

07/05/2014 15:15 5.71 

07/05/2014 19:25 4.93 

05/10/2014 11:00 6.67 

07/10/2014 11:45 32.05 

 

6.4.3 Discharge rating curve construction 

 A rating curve is used to convert continuous records of water level into corresponding 

values of flow using the equation from HYDATA (CEH, undated): 

 𝑄 = a(ℎ + c)b (6.1) 
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Where: 

 Q  = River flow (m3 s-1) 

 ℎ = stage (m) 

 a, b & c = empirically fitted parameters 

This was obtained by empirical analysis of flow gaugings, which ideally should be well 

spread across the entire range of levels and flows encountered. The initial rating curve 

was constructed with a rating that began on the 15.09.11. This curve was sufficient for 

the period up to the 17.10.2012. On this date the river experienced significant structural 

engineering by the Icelandic Roads Authority (Figure 6.3). The channel having been 

diverted and then restored to approximately its original course exhibited a new 

relationship between the stage and the velocity. In addition changes in the channel 

structure meant that the area of fastest flow was moved approximately 1 m towards the 

west bank which required moving the Kalesto velocity instrument that was suspended 

from the bridge.  The period directly after the bridge-works is considered to be lost data 

as the channel shifted to a new equilibrium. It is February 2013 before the results of the 

new rating curve are trusted. This loss of three months’ worth of data included several 

large winter storm flows. The very high flows are believed to have shifted the river 

sediments sufficiently back into a more natural state as it was pre-bridgeworks. 

However there is a still an observable shift in the rating between the two years and 

therefore the calculation of the discharge pre and post the bridge-works has been 

undertaken using the different rating curves (Figure 6.4).   
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Figure 6.3 Diversion of the river channel by Icelandic Roads Authority that resulted in a shift in 

rating 

 

Figure 6.4 Continuously monitored rating curve (01.04.13 - 31.10.13) shown with flow gaugings 

before and after the rating shift (y= 0.2536 x 0.3704, R2 = 0.99). 

 

6.4.4 Correction of discharge data 

The camera on the automatic gauging station was used to identify periods when the 

flow was not as indicated by the recorded water level. Photographs were taken three 
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times daily at 9:00, 12:00 & 15:00 during the winter months as it would be too dark any 

other times (Figure 6.5). The procedure was a common sense check that revealed an 

issue surrounding the winter discharge values. It was found that some apparently high 

flows calculated by the rating curve during the winter months were in reality occurring 

during periods of relatively low and stable levels. These periods were also found to 

correlate with the incidence of ice developing on the banks of the channel during 

periods of below zero temperatures and occasionally the movement of ice ‘rafts’ 

downstream when the river has cooled to below 0°C (Prowse, 2005). This occurred 

specifically between November and March, with the greatest icing occurring in 

December and January.  This ice cover can break up depending on factors such as ice 

thickness and strength, river geometry, flow velocity and water levels. In temperate 

climates there may be several freeze-breakup cycles during one winter season. During 

ice breakup high water levels can be caused by ice dams and severe flooding may be 

due to the failure of ice dams (Prowse, 2005; Unterschultz et al., 2009; Hicks, 2009; 

She et al., 2009). 
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Figure 6.5 Images taken by the gauging station camera, 27.10.13) ice rafting in the channel, 

25.09.11) flooding, 26.12.11) extensive channel icing, 07.12.13) a sudden freeze after flooding. 

 

Although river ice can cause high levels runoff in winter and spring, it can also be 

affected by temporary water storage within rivers driven by hydraulic friction in 

situations with river ice (Prowse & Carter, 2002), which can decrease winter runoff and 

increase spring runoff (Seibert, 2015).  These complicating factors prompted the 

removal of all dates from the discharge record which had been shown though 

photographic analysis to contain ice in the channel or around the banks, thus removing 

the likelihood of icing to be occurring in the stilling well in which the instrument was 

kept. This resulted in no periods where the level sensor has been frozen into place thus 

skewing the relationship between the recorded velocity and the stage. This removal has 

resulted in the loss of between 19 and 22% of the discharge record between 2011 and 

2014. The greatest loss of data occurred in 2013 which experienced ice in the channel 

until April and losses to ice formation in October (Figure 6.6). Almost the entire month 
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of December’s data was lost in both 2011 and 2013. 2014 has experienced the least data 

lost due to the delay of channel icing in the autumn and a low occurrence of icing in 

December. It is known that winter discharge measurements under ice conditions are less 

accurate with the potential errors being 15-30% over the Arctic regions (Grabs et al., 

2000). The focus of this research falls on the period where the greatest enhanced glacier 

wastage will occur i.e. the ablation season, and therefore this loss does not represent a 

significant problem in achieving its aims. 

The final discharge calculated at Virkisá is therefore a combination of the two ratings 

with the periods of unreliable river icing removed. The river experiences a flow that has 

a distinct yearly pattern with the highest flows occurring in the summer months and 

lowest generally in the late winter early spring season. This is a pattern typical of 

glaciated catchments (Fountain & Tangborn, 1985). High flows occur at all times of 

year including during the winter where discharge peaks of 30 m3 s-1 are not unusual 

each year (Figure 6.7). Photographs of the river from the gauging station allow winter 

months to be checked for river icing and dates where there were floods or other 

significant events to be included in the final data set. Only dates with extensive channel 

icing and low flows have been removed from the record. 

 

Figure 6.6 Days of discharge data lost by month due to channel ice formation September 2011 – 

December 2014 
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Figure 6.7 Final daily average discharge record of Virkisá with unreliable data removed 

 

6.4.5 Analysis of river discharge 

This chapter used common hydrological analyses in order to understand the variability 

in the river flow. These analyses were statistical and all completed with the use of 

Microsoft Excel spreadsheets. Analysis focused on the general trends of seasonal river 

behaviour before considering high flows and base-flows as well as the short term impact 

of events including rainfall, snow and ice melt. 

6.4.5.1 Calculating short term discharge patterns 

The time from the daily minimum to peak flow can be used to infer drainage 

characteristics e.g. depth of snow, travel distance or drainage density. Time to peak was 

calculated by the time in hours between discharge trough and a subsequent peak (Figure 

6.8).    
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Figure 6.8 Description of the method of calculating time to peak. The time between the lowest 

measured flow (A.) and the highest (B.) 

 

6.4.5.2 Calculation of rainfall lag 

In order to better understand the relationship between the river hydrograph and the main 

inputs from rainfall, snow or ice melt, individual events were analysed through 

investigation of the lag time.  

For rainfall lag time was calculated by the time elapsed between the centre of mass of 

the effective rainfall (rainfall that is effective in generating runoff, rather than being lost 

to evapotranspirational processes) and the centre of mass of the runoff hydrograph. 

Figure 6.9 shows the data from which this analysis was derived. The general trend of 

precipitation is described fully in Chapter 4 and is not repeated here. 
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Figure 6.9 Hourly precipitation at AWS1 (red) and AWS4 (blue) plotted with discharge 

 

The period of spring 2014 was chosen as the period of interest as this avoids the effect 

of melt water produced by the glacier and is prior to the first snow melt. It is possible 

that at some times, especially on the lowest reaches of the glacier, there may have been 

a small amount of melt water input to the hydrograph. The differences between 

precipitation at AWS1 and AWS4 are highly variable (Figure 6.9). It is likely that 

precipitation falling at AWS4 (885m asl) was in the form of snow and therefore this 

analysis is predominately linked to rainfall at the lower altitudes of AWS1 (154m asl). 

This makes sense intuitively as the signal from rainfall at high altitudes may be lost 

during transport through the catchment glacier system. Discounting exceptional high 

precipitation events, the average lag time was calculated from 6 events that were found 

to not be influenced by ice or snow melt in spring 2013. The rainfall events were 

recorded at AWS1 and the subsequent peak in discharge recorded at AGS1. 

6.4.5.3 Calculation of meltwater peak lag 

Temperature is used as a proxy for ice ablation for the study of lag times during the 

summer melt season of Jun 13 - Oct 13.  This is justified because ablation is calculated 

directly from temperature alone using the temperature index method and there is a 

strong causal relationship between temperature and discharge during the ablation 
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season. All periods chosen for analysis are not affected by rainfall so that the peak can 

only be explained by melt rates.  

6.4.5.4 Calculation of High Flows 

Analysis of flood frequency gives an estimation of peak discharge which is equalled or 

exceeded once in a specified period (T). A peak (QT) is said to have a return period of T 

years/months. T is the long-term average of the interval between successive excessions 

of a specific flood magnitude (QT) and refers to a probability with which QT might be 

expected to be exceeded (Shaw et al., 2011). However the calculation of the frequency 

of flood events is difficult due to the short period of measurement. Some winter peaks 

have not been included in the analysis due to the removal of some periods as a result of 

icing in the channel.   

6.4.5.5 Calculation of Base Flows 

Base flow is the relatively slowly-varying component of stream flow and is frequently 

the result of the discharge of groundwater to wetlands, lakes and rivers (Piggott et al., 

2005). Understanding of base flow and other delayed sources is essential when studying 

water budgets and catchment response. The base flow index represents the contribution 

of groundwater to surface flow (taken as a proportion of total stream flow). Base flow 

was calculated following Piggott et al. (2005); a revised approach to the UKIH method 

for the calculation of base flow. 

6.5 Results 

6.5.1 Annual discharge pattern 

 Over the monitoring period Virkisá typically displays behaviour typical of a river in a 

sub-arctic location with a glaciated catchment (Figure 6.10).  The annual peak of river 
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discharge occurs in midsummer. Peak discharge occurs one month later in 2014 

(August) than in 2012 and 2013 (July).  Between 2012 and 2014 the month with the 

highest mean flow represents between 20 – 25% of the total yearly flow whereas the 

months between January and March comprise less than 10% of the total flow. The 

autumn, post-ablation season monthly flows are more variable and range between 2% of 

the total flow in November 2012 and 15% of the total flow in November 2014. 

 

Figure 6.10 Average fractional monthly flows   

However 2014 shows a different pattern in its annual hydrographs. 2013 is typical of a 

sub-arctic maritime glaciated catchment. This pattern shows low spring and autumn 

flows with some notable high flow events that can be attributed to periodic snow melt 

due to high temperatures and occasional high rainfall events. 2013 conforms to the 

regime that has been observed in river discharge records typically throughout the 20th 

century in the south east of Iceland. In contrast 2014 displayed a different regime that 

demonstrates high spring and autumn flows yet does not include an increase in mid-

summer meltwater runoff from the ablation zone. Fig. 6.11 compares these hydrograph 

types and highlights the difference between the two years. 
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Figure 6.11 A: Annual hydrographs (2013 and 2014 flow monitoring). 2013 shows a 

typical glacier catchment response with a low spring and autumn flow with a steep rise in 

the summer as the glacier ablation zone activates with the retreating snow line. 2014 

demonstrates short term change expected in glaciated catchment flow response in the 

coming decade with higher spring and autumn flows but no significant change in summer 

maximum flow. B. Shows the magnitude flow difference between 2013 and 2014 over a 

year with the effects of major rainfall events removed for ease of comparison. 

 

6.5.2 Short term discharge patterns 

Findings for October - November demonstrate that the time to peak can be variable 

between 2 and 35 hours with an average of 10 hours. The river displays a more regular 



170 
 

time to peak during the main ablation season (July and August) (Figure 6.11b) when 

compared to the winter season (Figure 6.11a). During the summer ablation season there 

is a daily peak (with the exception of between the 13th and 16th of August) and these 

peaks are not very variable with an average of 9 hours to peak. Although the river is 

much higher during the summer it is much more predictable in the timing of high and 

low flows in comparison to the rest of the year as a result of the regular rise and fall of 

daily temperature leading to predictable ice ablation. However, time to peak discharge is 

not simply a function of the magnitude of peak i.e. the amount of water put into the 

system (Figure 6.12). The time to peak is influenced by the source of the water input 

into the catchment and can also be altered by the distribution of rainfall over the 

catchment, which as is shown in Chapter 4 is highly variable at Virkisjökull. 

 

 

 

 

 

 

 

 

 

 

Figure 6.12a Time to peak discharge daily in October and November 2011; b. Time to peak daily 

discharge in July and August 2012. 
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Figure 6.13 Time elapsed from the beginning of the rising limb to the peak discharge against the 

difference between the maximum and minimum flows in October 2011. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 Precipitation against peak discharge a) 12.01.14 22:00 – 13.01.14 03:00, b) 21.01.14 

10:00 – 21.01.14 19:00, c) 31.01.14 22:00 – 01.02.14 09:00 
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The spring months demonstrate the clearest relationship between liquid precipitation 

and river discharge peaks (Figure 6.13).  

Between the 12th and 13th Jan 2014 the peak in the river discharge was associated with 

rainfall at the highest weather station (AWS4) (Figure 6.14 a.).This was a sizable storm 

event high in the catchment (517 mm of rainfall over 48 hours) and was the highest 

rainfall event recorded at AWS4 in two full years of data collection (2013-2014). The 

rainfall recorded was 502.2 mm higher than the long term daily average. The time to 

peak for this event is the shortest in all the analysis despite occurring high in the 

catchment. This could be explained by the magnitude of the event in addition to a rapid 

travel speed over a heavily frozen glacier offering no access to sub-glacial conduits.  

The average lag time is found to be 10.5 hours (whereas a storm will produce a faster 

response). The lag times between the peak of precipitation and the peak of river 

discharge fall between 9 and 12 hours for all measured events. However this analysis is 

specific to the spring period as it is difficult to quantify the differences between other 

seasons as the relationship between rainfall and discharge is complicated by the melting 

of the glacier. This is a difficulty that can be partly overcome through distributed 

hydrological modelling (See Chapter 7). From field observations it is clear that the 

response time will always be on a sub-daily timescale due to the small size of the 

catchment.  The greater the magnitude of the rainfall events the higher peak that can be 

expected, yet this will depend on the antecedent conditions in the catchment and the 

regulating impact of the high percentage of glacier cover (Figure 6.15). Similarly the lag 

time decreases with the magnitude of the rainfall event, yet as described above, this is 

heavily influenced by extreme events (Figure 6.16). 
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Figure 6.15 Magnitude of rainfall against magnitude of peak discharge 

 

Figure 6.16 Magnitude of precipitation against the lag time (hours) to peak river flow. 

The average lag time between the peak of melt and peak discharge is 3.3 hours (Table 

6.3). Peak melt occurs between 13:00 and 16:00 between June to August and peak 

discharge generally occurs between 18:00 and 21:00. The greater the temperature the 

greater the magnitude of peak will be observed (R2 0.8) (Figure 6.17, 6.18).  

 

Figure 6.17 The relationship between temperature at AWS1 (red) and the river flow (black) during 

the ablation season (13.07.13 – 18.07.13) 
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Table 6.3 Peak temperature and peak discharge on the same day and the calculated lag times 

 

Temperature 

 (°C)   

Discharge 

(m3 s-1)   

event  peak  magnitude AWS peak Magnitude lag (hours) 

1 30.06.13 14:00 12.62 1 18:00 4.9 4 

2 02.07.13 16:00 10.24 1 19:00 3.94 3 

3 09.07.13 13:00 14.41 1 21:00 13.1 8 

4 17.07.13 15:00 11.77 1 18:00 6.57 3 

5 22.07.13 14:00 17.16 1 18:00 16.17 4 

6 23.07.13 15:00 15.29 1 20:00 13.39 5 

7 24.07.13 16:00 15.22 1 18:00 15.06 2 

8 29.07.13 15:00 13.55 1 15:00 10.81 0 

9 11.08.13 15:00 14.32 1 18:00 8.14 3 

10 20.08.13 17:00 12.96 1 18:00 5.59 1 

 
 

 

 

Figure 6.18 Magnitude of peak temperature (here used as a proxy for peak ice melt) against 

magnitude of peak discharge on the same day. Periods do not include days with rainfall. 

 

In late spring, there is a surge in the volume of water in the river by an average of 4.318 

m3 d-1 in comparison to the preceding 3 months, as water which had been held in 

intermediate-term storage as snow over the winter is released. In 2013 this was 
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longer days (Jansson et al., 2003). Figure 6.18 compares the temperature, river 

discharge and snow line altitude (derived from investigation of weather station images 

and a DEM in Chapter 4) for 2013. The largest peak in Figure 6.19 is a result of the 

snowline elevation retreat up to 1000m as a result of temperature increase.  This is the 

point where the majority of glacier is now exposed to ice melting. Despite a marked 

temperature increase through late April and May there is not a dramatic increase in river 

flow as a lot of this energy is being used to melt snow off the lower regions of the 

glacier. These regions are smaller in area than those at 1000m or above and so the 

contribution of snow melt in these areas is relatively small. For more information on the 

hypsometry of the glacier and its importance to snow and ice ablation refer to Chapter 4.  

 

Figure 6.19 A comparison between the variations in temperature (purple), discharge (blue) and 

snow line altitude retreat (red) during spring 2013. The yellow circles indicate areas of interest 

discussed in the main text. Both temperature and discharge are shown on the left axis. 
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Figure 6.20 The relationship between observed snow line altitude and daily mean flows (2013). 

 

Figure 6.20 shows that there is a relationship between the snow line altitude observed 

from photographs and the river discharge and this is forced by the move from spring 

into summer ablation season. Generally the river flow is higher when the snow line 

altitude is higher however this seems to vary by about 200m. This could be explained 

by the addition of snow melt water into the discharge that complicates the relationship. 

In Figure 6.18 the orange circle in late May shows a period where the temperature 

increase did not result in a corresponding increase in river discharge. When plotted with 

the observed estimates of the snow line altitude it is clear that this energy was being 

used to melt the snow pack, as evidenced by the sudden increase in snow line altitude 

by approximately 200 m during this period. As the snow line estimates are not 

supplemented with information on the snow depth, there is no information on the exact 

rate of the melt down but it stopped at 800m during this first melting period. After this 

point it seems clear that the temperature is controlling the peaks in river flow. However 

the peaks are higher due to the addition of melting snow. After the highest peak in 

Figure 6.18 both the temperature and the discharge drop. However there has been no 
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subsequent snow fall and so the snow line remains at 1000m despite the cooler 

temperatures and the ice is not actually melting up to this point. 

6.5.3 Storage in the drainage basin 

 Water measured at the gauging station is the outflow of the catchment and an integrated 

record of the effects of climate, topography and geology in the distribution of runoff in 

time and magnitude. So too, when flows are arranged by the frequency of occurrence in 

a flow duration curve the integrated effect of the many factors that affect runoff are 

shown (Searcy, 1959). A flow duration curve has been generated from the flows 

obtained in Section 6.4.4. The shape of a flow-duration curve is considered to be 

determined by the hydrologic and geologic characteristics of the catchment drainage 

area during the measurement period (Figure 6.20). It may be used to study the 

hydrologic response of a drainage basin to various types and distributions of inputs, i.e. 

snowmelt or rainstorms, or to compare the responses of one basin with those of another 

(Shaw et al., 2011). A flow duration curve is a good way of inferring something of the 

storage characteristics in the catchment e.g. a flat gradient is associated with high 

storage. In the Virkisjökull catchment the pattern is complicated by the presence of a 

glacier. During the summer the flow exceeds 1 m3 s-1 all the time whereas in the winter 

it does not.  For the whole year the flow exceeds 6 m3 s-1 40% of the time (Fig 6.20). 

The differences between the summer and winter flows (and therefore primarily glacier 

controlled and rainfall controlled flows) is clear. A flood of over 30 m3 s -1 is most 

likely to occur between October and April. Equally the lowest flows are also the most 

likely to occur over the winter (50% of the time in the winter flow is below 5 m3 s-1; 

whereas in the summer 50% of the time they are below 8 m3 s-1). This demonstrates the 

variability of the flow during the winter when the regulating effect of the glacier is 

subdued. The steep initial slope of the annual flow duration curve for the Virkisá 
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suggests that there is a very variable discharge which is common to small catchments. 

This is a pattern commonly observed from catchments with little storage that are highly 

responsive to rainfall. It suggests that the river is not regulated heavily. This is 

supported by evidence from dye tracer tests (Chapter 5) and the lag time results 

described above (Shaw et al., 2011) (Figures 6.21 & 6.22).  However the lower end of 

the duration curve shows the characteristics of the perennial storage in the drainage 

basin, the flat slope indicates a large amount of storage. When comparing the Virkisá 

catchment with non-glaciated Scottish catchments (of a similar size) the FDC shows a 

similar shape that probably reflects both the highly responsiveness and variability of the 

catchments to precipitation events (which at Virkisjökull are rapidly transmitted through 

the glacier conduits systems). At Nevis flows below 7 m3 s-1 are identical in occurrence 

to Virkisá (water from perennial storage), divergence comes at high flows which are 

from different sources in these catchments. In this case Nevis is an interesting 

comparison to Virkisjokull as it is a similarly sized catchment in a steep mountainous 

region, yet does not included the influence of a glacier in the hydrograph. In Virkisá, 

high flows are the result of a combination of high melt and rainfall events, whereas on 

the west coast of Scotland high flows can only be attributed to storms (and occasionally 

spring snowmelt events). The regulating effect of the glacier on stream flow throughout 

the year shows that there is less variability between high and low flow frequency as can 

be observed in the Luss Water or Abhainn a’ Bhealaich (National River Flow Archive, 

2015).  However when compared with Black Water of Dee (a catchment with a 

similarly sized small lake) Virkisjökull shows the same pattern of high percentages of 

mean flow in the mid-flow range and attenuated high flow. This may suggest a lake 

attenuation effect at Virkisjökull which would mean that the lake indeed has a large 

effect on the river. This finding would however contradict the findings of the dye tracer 

study (Chapter 5). More likely explanations for why Virkisá and the Blackwater of Dee 
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show similar flow duration curves could be the effect of permanent snow fields in the 

high areas of the Virkisjökull catchment, or the influence of the glacier. 

 Streams whose high flows come largely from snow melt tend to have a flat slope at the 

upper end (Searcy, 1959). This indicates that the contribution of snow melt to the 

Virkisjökull catchment is not likely to be the cause of any of the largest flows and its 

signal is disguised by the glacier melt and rainfall (Searcy, 1959). The distribution of 

high flow is accepted to be governed largely by the climate, the physiography and the 

plant cover of the basin. However this can be invalid in basins like Virkisjökull, which 

comprise mainly of moraine material which have a high permeability.  It is also difficult 

to make conclusions on the geology of the catchment based on the distribution of low 

flows as it is most likely that these flows are regulated by the periodic melting of 

surface ice. 

 

Figure 6.21 Flow duration curves on natural scales at Virkisá 16.90.2011 – 13.05.2014 showing 

variation between seasons 
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Figure 6.22 Flow duration curve at Virkisá compared with three non-glaciated, high precipitation 

Scottish catchments of similar size (Nevis, Luss Water & Abhainn a’Bhealaich and Blackwater of 

Dee) 

 

6.5.4 High Flows 

Over the period of measurement, 16.09.2011 – 30.09.14, the maximum discharge 

recorded was 39.18 m3 s-1 on 06.12.2013. A flood of above 20 m3 s-1 has occurred in all 

the studied years; a flood of over 30 m3 s-1 has occurred in 2012 and 2014 (Figure 6.23). 

However around 80% of the time the discharge is below 3 m3 s-1. It is relatively rare for 

discharges to exceed 11 m3 s-1 except during flood events (which occur less than 10% of 

the time).  

Virkisá is never devoid of water. Even throughout the winter months (November – 

February) when there is little to no glacial ablation, there is sufficient water in the 

catchment to maintain at least 0.5 – 1 m3 s-1 of flow.  This point is reinforced by flow 

gaugings which have been obtained around the year. 
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Figure 6.23 Monthly maximum peak discharges for 2011-2012, 2012-2013 & 2013 – 2014 

 

By studying all the peaks over a 30 m3 s-1 threshold, it is expected that a flood of this 

magnitude has a return period of 3.5 months (Figure 6.23). 
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Figure 6.24 Annual maximum discharges and peaks over threshold over a three year period 

 

The maximum flow (up to July 2014) does not exceed 20 m3 s-1, whereas in the 

previous years it can fall between 20 and 40 m3 s-1 for up to three months of the year 

(out of the current 3 years this represents 67% of the highest flows). There are no 

reliable observed flows above this level. Under current catchment conditions floods 

above this level are unlikely to occur within a typical three year period and would 

represent a significant event. There is also a less apparent relationship between the time 

of the year and the magnitude of the peak discharge.  In the previous years the months 

with the highest discharge generally have occurred between August and 

October/November (in 2011-2012) or August and September (2012 -2013). The true 

magnitude of flood events in wintertime are not known. Photographic evidence suggests 

several large floods. Despite the general trend mentioned above, the magnitude of high 

flows is very variable throughout the year and due to the small number of years 

analysed hasty conclusions on the typical patterns would be ill-advised. However there 

is a dramatic reduction in flow between March and April, representing a period when 

sub-zero night-time temperatures and a reduction in rainfall have resulted in a very 

stable flow prior to the onset of the spring snowmelt event. The most common 
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magnitude of high flow in any given month is between 10-20 m3 s-1 (Figure 6.25). This 

represents a high flow but not a flood (a flood is defined in this study as a flow above 20 

m3 s-1 that results in the river spilling onto its flood plain in the upper sandur). In 

summary, floods are most common in early autumn/late summer but may occur at any 

time of the year depending on individual weather events. Figure 6.26 shows two peaks, 

one that is predominately the result of rainfall and another during the summer that is 

predominately due to high melt rates. This shows that although floods and high flows 

can occur in all seasons, the pattern of peaked-ness and length can be highly variable. A 

change in the frequency of one or either of these patterns would require appropriate 

changes in management. 

 

Figure 6.25 Frequency of monthly maxima plotted as a histogram, a) 2011-2012, b) 2012 – 2013, 

c) 2013-2014 
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Figure 6. 26 Two of the highest peaks in the discharge record at Virkisá, one due to predominately 

rainfall and one high melt. 

6.5.5 Base flow 

At Virkisá the base flow index (The ratio of annual base flow in a river to the total 

annual run-off) is 0.568. Slightly more than half of the water in the river is considered 

base flow and therefore there is a slow release water source from en- and sub-glacial 

processes as well as some attenuation in the pro-glacial foreland lake area (Chapter 5).  

The mean annual base flow is 1.9 m3 s-1.Therefore the lake and groundwater are 

important in this rivers seasonal regulation.  

The base flow during spring 2014 was greater than in the previous years but overall the 

year with highest average was 2012 (2.6 m3 s-1). 2013 experienced the lowest average 

base flow at 1.8 m3 s-1 .The base flow levels shown in Figure 6.27 demonstrate the 

yearly variability in recharge yet it is not a large variation. A change in base flow index 

with the changing glacier cover percentage will indicate the sensitivity of catchment 

response to future climate change scenarios. 
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Figure 6.27 Base flow (blue) at Virkisjökull calculated following Piggott et al. (2005) revised 

approach to the UKIH method for the calculation of base flow. 

 

6.6 Summary 

If  unusually high flows were removed it would be clear that the catchment is controlled 

greatly by the perennial and large amount of storage within this drainage basin, as 

evidenced by the gentle gradient of the lower parts of the flow duration curve. The 

Virkisjökull catchment is controlled primarily by the seasonal changes in glacier melt. 

Yet, the geomorphology of the catchment (including the recently de-glaciated pro-

glacial foreland area) allows storage and attenuation of flow. The extent of this storage 

depends on the time of year. The amount of storage in the catchment allows Virkisá to 

maintain a base flow throughout the year even when there is negligible melt.  

Virkisá is highly sensitive to extreme events. This is particularly the case for heavy and 

sustained rainfall during the winter months. During the winter months the river flow can 

fluctuate from 1 m3 s-1 to greater than 11 m3 s-1 within the space of a day.  
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Although high flows occur in the summer months these are still characterised by the 

daily melt cycle of the glacier surface. This daily cycle hides the signal of rainfall events 

producing less ‘flashy’ peaks.  

Implications regarding the effects of an increase in flow due to enhanced glacier melt 

must be discussed in terms of a potential enhanced frequency of flood discharges. 

Seasonal distribution of high flows above 25 m3 s-1 show that the majority of such flows 

currently occur in the late ablation season August – October period. Changes in the 

extent of glacier cover are likely to alter this pattern. 

Variability in the base-flow could be a result of the wet weather and a quicker melt of 

the seasonal snow pack which recharged the base flow earlier in the season. The 

addition of glacier melt on top of higher base flow has resulted in the higher magnitude 

of the fraction of annual discharge in the early summer.  

There is no relationship shown between either the magnitude of the peak in discharge 

nor the magnitude of the peak in temperature to the lag time in hours. This suggests that 

this lag time has more to do with the conditions that the melt water flows through, rather 

than the amount of water entering the system. This will be investigated further using the 

WaSiM hydrological model in Chapter 7.  

Temperature and snow line elevation are related however the picture is not that simple. 

There is evidence in the discharge record to suggest that until the snow line has 

retreated to a specific height, there will be a close relationship between the discharge 

and the snow line altitude. After this height is reached, it is temperature that controls 

discharge through ice melt.  

Analysis of the spring snow melt event shows that initially the addition of snow melt in 

this catchment does not have as large an impact on river discharge as rainfall events or 
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ice melt. Therefore there is not an obvious peak in discharge during the main peaks in 

snow melt. Melting snow has the greatest effect on river discharge by continuing to be 

an insulator for the ice. As the snow line retreats past a certain point there is an increase 

in discharge which is likely to be due to a wider area of snow pack melting rather than 

the further exposure of glacier ice (Flett et al., in press). This is evidenced by the sudden 

and disproportionate increase in river discharge with temperature after the snow line 

reached 400m and higher, observed in both 2013 and 2014. In spring 2013 when the 

temperature drops, the river discharge remains high due to the increased melt water in 

the system due to snow melt. Therefore snow melt both inhibits and increases total 

discharge depending on the altitude and amount of snow cover.  
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Chapter 7 Hydrological Modelling 
 

7.1 Introduction 

In this chapter the hydrological behaviour of the catchment is further explored under 

plausible glacier reduction scenarios, using a fully distributed hydrological modelling 

tool, the Water Balance Simulation Model (WaSiM). The model is based on a 

conceptual understanding of the catchment described in Chapters 4 – 6 and uses datasets 

developed from observations in the catchment described therein. It is only with a good 

conceptual model, justifiable datasets and a robust calibration process that models can 

be relied upon to confidently test future scenarios. Therefore, with the in-depth 

understanding of the catchment gained from the study of collected data, the validity of 

the models’ future predictions can be judged. This section will firstly summarise the 

model and detail its necessary data inputs. It will then describe and explain the 

calibration process, including a detailed parameter sensitivity analysis. Using the fully 

calibrated model, predictions are made regarding the changes to the river discharge that 

can be anticipated in this small catchment with a reduced glacier cover and climate 

change. The results will be assessed in light of the information gathered at Virkisjökull 

and previous findings from studies on a larger scale for the entire South East Iceland 

region by the Icelandic Meteorological Office (IMO).  

7.2 Objectives 

1. To apply a known distributed numerical hydrological model and calibrate it for the 

Virkisjökull catchment. 

2.  To use a distributed hydrological model to predict plausible changes in river 

discharge as a result of temperature and precipitation under hypothesised future glacier 

extents. 
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3. To demonstrate the applicability of a complex hydrological model to the catchment-

scale problem using the detailed empirical data collected at Virkisjökull as a calibrator 

to the model parameters. 

7.3 Model description 

WaSiM formerly known as the WaSiM- ETH is a distributed, deterministic and mainly 

physically-based hydrological model (Schulla, 2012). It uses constant time steps on a 

regular or irregular model grid (raster) (Figure 7.1). WaSiM is suitable for long-and 

short-term simulations and enables the simulation of the runoff regime of river 

catchments at virtually any spatial and temporal resolution (Verbunt et al., 2002). This 

model has been used successfully to address a variety of hydrological problems. These 

include sensitivity studies regarding climate change impacts on water balance and 

runoff regime of alpine river catchments (Kleinn et al., 2005; Kunstmann et al. , 2006); 

the development of appropriate strategies for sustainable water management in arid and 

semi-arid regions (Verbunt et al., 2002; Wagner et al., 2006 ); forecasting extreme 

runoff events by using predicted data from future meteorological models (Jasper et al., 

2004; Jasper et al., 2002; Jasper et al., 2004) and the comparison of annual and monthly 

runoff and its components and their altitudinal dependence (Gurtz et al., 2003).  The 

model includes an integrated glacial component and has been used to estimate retreat 

and advance of glaciers. Successful model applications have been implemented for 

several river systems in Switzerland, e.g. the Massa basin (Aletsch glacier), the Rhone 

basin (Rhone glacier) and the alpine River Rhine basin (Verbunt et al., 2003; Klok et 

al., 2001). In this study the particular focus will be on the effect of glacier wastage on 

stream flow within the catchment. This will require the use of a glacier melt and runoff 

model in order to simulate the glacier response (e.g. Hock, 1999) which can then be 

linked to the physically-based and spatially distributed hydrological model, which the 
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model can calculate internally. The outcome of this process will be validated by the 

detailed field measurements of glacier melt and river discharge. 

WaSiM is used by the Icelandic Metrological Office for hydrological modelling 

(Einarsson & Jónsson, 2010b). Table 7.1 illustrates some of the most important data 

inputs and ‘sub-models’ of the model. Below is a brief description of the model 

calculation and structure. Further details can be found in Schulla (2012).  

There are 11 parameters in total that describe: the unsaturated zone; snow accumulation; 

snow melt; groundwater flow (all adjusted to fit the catchment), plus 3 additional 

parameters adjusted for the glacier-covered area. These are detailed in Table 7. 2. The 

most important of these model parameters will be adjusted automatically using Model-

Independent Parameter Estimation & Uncertainty Analysis software (PEST) until the 

observed and simulated river discharge series are in agreement.  

 

Figure 7.1 Schematic diagram of the main processes of WaSiM (from Einarsson & Jonsson, 2010) 
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Table 7.1 Example of sub-models that are chosen for the successful running of WaSiM with 

descriptions.  

 Sub-model Description Reference 

1 Evapotranspiration Calculated using a simple temperature-

based HAMON approach 

 

Hamon (1960) 

2 Snow melt calculation A temperature index method 

 

Hock (1999) 

3 Melting on the glacier(s) A temperature index model (degree-

days) 

Hock (1999) 

4 Infiltration Peschke methodology  

 

Green & Ampt 

(1911) 

5 Calculated fluxes within 

the unsaturated soil zone 

 

using the Richards equation Richards (1931) 

6 Groundwater The groundwater table modelled in 

both the un-saturated zone module and 

the groundwater module. Coupled by a 

net boundary flux. 

 

 

Table 7.2 Main parameters to be calibrated, their description and the sub-model they are connected 

too. 

Parameter 

number 

Description Sub-model 

1 Storage coefficient of direct runoff Unsaturated zone 

2 Storage coefficient of interflow Unsaturated zone 

3 Drainage density Unsaturated zone 

4 Fraction of surface runoff from snowmelt Unsaturated zone 

5 Recession constant (for decreasing saturated 

hydraulic conductivity with increasing depth) 

Unsaturated zone 

6 Hydraulic conductivity in the X direction Groundwater flow 

7 Hydraulic conductivity in the Y direction Groundwater flow 

8 Temperature threshold for rain/snow Snow model 

9 Temperature threshold for snow melt Snow model 

10 Degree-day factor (without wind constant) Snow model 

11 Degree-day factor with wind consideration Snow model 

12 Ice Glacier cover/specific storage 

coefficient 

13 Snow Glacier cover/specific storage 

coefficient 

14 Firn Glacier cover/specific storage 

coefficient 

 

The WaSiM model plus all updates, descriptions and model versions are downloadable 

from www.wasim.ch. A copy of the model can be downloaded as an executable version 

and it exists in two major versions: 

http://www.wasim.ch/
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1. Version using the Topmodel-approach as runoff generation and soil model 

2. Version using the Richards approach as unsaturated zone and runoff generation 

model 

7.3.1 Assumptions of the model 

 Einarsson & Jónsson (2010b), in their study using WaSiM, assumed unchanged glacier 

geometry. This greatly simplifies the model as well as the real world glacier dynamics 

but with the useful result of reducing its data input requirements. However given the 

speed of retreat of Virkisjökull and the understanding of the collapse of the lower 

regions and its control on the routing of melt water (as demonstrated in the previous 

section) it may not be sufficient to assume an unchanged geometry for the purposes of 

this project. In the updated version of WaSiM (2012) there are two options for 

introducing a glacier module. The first original version as used in the above description; 

the second requires the input of a full glacier mass balance model. However, due to time 

constraints, there is a need for a simple runoff model of glacier catchments without 

detailed mass balance and dynamic modelling, that still takes into account changes in 

glacier volume, altitude and extent. 

This was recognised by Jóhannesson (2009) who developed a method to include 

glaciated areas in the WaSiM model that has the potential to be adapted for this study. 

The simplified version of the glacier module described in the earlier version of WaSiM 

(2007) effectively assumed an inexhaustible reservoir of ice with an unchanged altitude 

distribution. This can lead to an unrealistic contribution of melt water into the 

catchment from the glaciated area, particularly for long term hydrological predictions 

under a changing climate. A method to get around the issue of an unchanged glacier 

reservoir is to partially follow the method of Verbunt et al. (2003). This study used the 

WaSiM-ETH model to simulate the melt rate of glacierised areas and discharge of three 
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catchments (Massa, Dischmabach & Rhone) each with varying percentage of glacier 

cover (69.4%, 47.2% & 2% respectively). Therefore the size of the glacier can be 

accounted for more simply by adjusting the number of glacier ‘cells’ in the model and 

assuming set percentage glacier cover into the future, based on previous predictions of 

reduced glacier cover with temperature increase, given by IMO and other publications 

based on climate change in SE Iceland.  The pattern of change in glacier cover can be 

informed by ablation measurements that show the areas preferentially retreating and 

thinning. This method is acceptable in this case given the observable glacier retreat that 

has taken place in this catchment in the last five years, as Virkisjökull is in a state of 

negative mass balance and it is retreating at a rate of approximately 10m per year.  

7.4 Model inputs 

A brief description of the modelling process is given below to describe the necessary 

inputs and procedures that are required to begin modelling the hydrology of the 

catchment. 

7.4.1 Gridded inputs 

For the spatial data inputs see Table 7. 3. Gridded data sets are scaled to 50 m x 50 m. 

From a DEM of the Virkisjökull catchment, necessary datasets were derived including 

local slope, aspect & curvature. Important hydrological information that can be 

determined from the derived data sets include flow direction, flow accumulation, 

catchment area, river network, river width and river depth (Figure 7.2). The DEM is 

also used to calculate topographic shading and sky view factors which assist in the 

parameterisation of the glacier and snow melt sub-models (Schulla, 2012).  The DEM of 

the Virkisjökull catchment, upstream of the bridge monitoring point (representing the 

lowest point of interest in this project) was provided by BGS (and originally produced 

by the Icelandic Meterological Office). The extent of the ice-covered area of the 
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catchment was designated using the DEM and an ortho-rectified stitched satellite image 

of the catchment. The ice-covered area was separated by a boundary between ice and 

firn areas based on the observed snowline altitude in late summer from 2012 (1200 m) 

(Figure 7.2). With the exception of the ice covered area, all spatial input data were 

derived by running the DEM through a program entitled TANALYS. This program is 

described fully in the following section. 

Table 7.3 Spatial model inputs required for WaSiM. 

Spatial input Description 

1 Digital Elevation Model 

2 Soil type 

3 Land use 

4 Slope 

5 Exposure 

6 

7 

River network 

Glacier extent 

 

 

Figure 7.2 Manually interpolated glacier ice extent over the whole catchment including areas 

above and below the ELA from 2012 extent (1200m) 

 

7.4.1.1 TANALYS 

The program TANALYS (Topographical Analysis) is a basic tool for working with 

WaSiM. It uses the DEM to automatically derive a relevant raster data model including 

structures and relationships. Figure 7.3 shows an overview of the derivative products 

(Figure 7.4) of TANALYS. The shaded data sets can be read directly into WaSiM. The 
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topographical analysis program is controlled at the command line by a control file.  A 

full description of the functionality of TANALYS can be found in the section of the 

WaSiM model documentation (Schulla, 2012). 

 

 

Figure 7.3 Topographic analysis of a digital elevation model by TANALYS. Diagram from the 

WaSiM handbook (Schulla & Jasper, 2007). 

 

 

http://www.wasim.ch/downloads/doku/helptools/tanalys_de.pdf
http://www.wasim.ch/products/wasim_description.htm
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Figure 7.4 Spatial inputs to WaSiM derived using the DEM and TANALYS (a) original DEM; 

slope (b), exposure (c), curvature (d), aspect (e), river depth (f), river width (g), river order (h). 

The above figures show the whole Virkisjökull catchment area. 
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7.4.1.2 SIGMA 

In order to run the model the land use and soil types of the catchment must be stipulated 

within the model. In order to do so a stitched together aerial photo of the catchment area 

was used to define 5 different land types. These are areas of vegetation; semi-vegetated; 

non-vegetated; forested and ice/snow in the catchment. These areas were defined using 

the BGS ArcGIS tool: SIGMA. SIGMA is a well-established tool commonly used at 

BGS in order to map land cover. In order to validate the areas of land-cover the finished 

map was ‘ground-truthed’ during successive field campaigns. Five soil types are also 

included in the input data (Figure 7.5). Areas of soil and bedrock could easily be 

defined from the aerial photographs. The remaining soil types are defined from 

understanding the morphology of the catchment and differentiating areas of moraine 

deposits (by their surface expression); talus material (on the higher slopes) and sandur 

deposits (the material that comprises the vast floodplain in the lowest parts of the 

catchment surrounding the river). The glaciated and dynamic environment of the 

catchment has resulted in only a very thin soil layer above the sandur area which is 

mainly comprised of highly transmissive, rocky debris. In the sandur areas the deposits 

are thick and act as a groundwater reservoir.  BGS borehole drilling and Guelph 

permeameter measurements of transmissivity in the Sandur have given values c. 2000 

m2/d-1 and in the moraine between 150-600 m2/d-1 (O’Dochartaigh et al., 2012). 

The properties of the soil were not gathered from this project’s primary data source. 

Standard values utilised by IMO in their modelling projects were generously provided 

(Philippe Crochet and Bergur Einarsson, pers. comm). These give the values of soil 

parameters that are in use for similar environments elsewhere in Iceland. Similarly the 

land use properties parameters were provided by IMO after thorough discussions of the 

values that have been used for different levels and types of typical vegetation cover in 
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Iceland. The final land use classes and their parameters are given in Tables 7.4 and 7.5 

in Appendix 3. 

 

Figure 7.5 Spatial inputs derived from SIGMA photographic analysis, a) soil b) vegetation 

 

7.4.2 Meteorological inputs 

Hourly meteorological data gathered in the Virkisjökull catchment between 2012 and 

2014 were used as input to the model (if they were not hourly they were interpolated to 

obtain the same temporal resolution). These were interpolated spatially through either 

an inverse distance weighting procedure or an altitude-dependent regression. Table 7.4 

lists the meteorological data input and the method of spatial interpolation to the 

catchment area. 
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Table 7.4 Meteorological data input to WaSiM and their interpolation method. See Chapter 4 for 

explanation of inverse distance weighting interpolation. Internal regression refers to a linear 

regression based on the differences between data at three different altitudes that is calculated 

internal to the model processes. 

Meteorological input Interpolation method 

Precipitation Inverse distance weighting 

Air temperature Internal regression 

Vapour pressure Internal regression 

Global radiation Internal regression 

Wind speed Averaged 

 

 

7.5 Parameter sensitivity analysis 

7.5.1 Introduction 

The purpose of a sensitivity analysis is to determine which input parameters exert the 

most influence on model results. Some sensitivity analyses methods are mathematically 

complex and comprehensive. However their use can be inefficient, particularly using a 

large model with many parameters, and often their results are comparable to those 

generated from simpler techniques (Hamby, 1994). The sensitivity analysis for this 

project follows two steps. The first step is a subjective sensitivity analysis which allows 

parameters to be discarded from the sensitivity analysis that are considered by the 

investigator to be of minor or no influence on the model results (Downing et al., 1985). 

This is an advantage for larger models as it simplifies the model’s structure by reducing 

the number of input parameters to a manageable size. It relies on the opinion and 

experience of the modeller. The second stage is to conduct a local sensitivity analysis 

which repeatedly varies the chosen parameters individually while holding the others 

fixed. This gives a sensitivity ranking by increasing each parameter by a given 

percentage while leaving the others constant and quantifying the change in model 

output (Hamby, 1994). 
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7.5.2 Method 

7.5.2.1 Subjective Sensitivity Analysis 

All parameters in the model that can be adjusted either manually or automatically were 

listed. Table 7.7 lists all parameters that can be adjusted manually within the model in 

order to test the sensitivity (excluding those of the soil and land use modules – see 

below). 

Of the parameters listed a number were specifically mentioned within the WaSiM 

literature to be of particular importance to the model outputs. These are the soil model 

parameters, the recession constant and the base flow parameters. Further parameters 

analysed depend on the modules of the model that are chosen to be switched on, and 

this depends on the specific research question that one is intending for the model to help 

answer. Most of the sensitive parameters are in the sub-models called interception, 

infiltration, unsatzon_model & routing_model.  In this project, the most important non-

essential modules that are switched on are the snow, ice_firn & precipitation_correction 

modules. Parameters pertaining to these modules are expected to be important in the 

model outputs. Table 7.5 lists all the sub-models that are either turned on or off in this 

project’s use of WaSiM. 

 

 

 

 

 

 



201 
 

Table 7.5 All sub-models within the WaSiM model structure. The table shows which modules or 

sub-models are turned on or off which depends on the aims of the project. 

Sub-models turned on Sub-models turned off 

precipitation_correction 

radiation_correction 

evapotranspiration 

snow_model 

ice_firn 

interception 

infiltration 

lake_model 

unsatzon_model 

soil_model 

routing_model 

land_use 

Regional_superposition 

Silting_up [reservoirs] 

Surface_routing 

Heat_transfer 

External_coupling 

Irrigation 

Groundwater_flow 

Abstraction 

  

The Virkisjökull catchment is heavily glaciated and located in a sub-arctic climate; 

therefore parameters of both the ice_firn and snow modules were anticipated to be 

particularly important. The mountainous catchment is also expected to lead the model to 

be particularly sensitive to parameters pertaining to temperature thresholds and lapse 

rates. Areas of ice and snow are large, therefore storage capacity was also a factor that 

was anticipated to have a large impact on the model output, the discharge of Virkisá. 

The parameters included in the soil and land use modules are highlighted to be of 

importance in the model literature however these are not to be adjusted by this project 

as their set values are based on the values used by IMO for south-east Iceland and were 

measured in the field prior to model calibration.  Similarly parameters in the discharge 

routing module of the model are measured based on the outcome of the analysis of the 

DEM as described above. They are therefore not further adjusted so that the legitimacy 
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of the model is not compromised by over-adjusting the parameters of the model in order 

to force a good fit. The meteorological input data was based on the measurements made 

by the catchment weather stations. The model will be sensitive to parameters derived 

from the measured weather station values. These values are known and will not be 

calibrated, and so quantifying their sensitivity is not necessary.   

Discussions with experienced professional modellers from IMO helped to confirm the 

appropriate focus of the parameter sensitivity analysis. 

As a result of the above considerations 13 parameters are chosen for a local sensitivity 

analysis. The parameters to be calibrated are listed in Table 7.6 below. The other 

parameters that will not be calibrated can be found in Appendix 4. 

Table 7.6 All parameters to be calibrated in WaSiM and analysed in the sensitivity analysis. 

Descriptions contain which sub-model the parameter is connected to. Parameters belonging to the 

discharge routing model are not included as they are derived directly from the DEM of the 

Virkisjökull catchment. 

Parameter 

Number 
Name Description 

Initial 

value 

Range-

Low 

Range

-High 
Units 

1 al precipitation correction 1 0.05 0 2 
mm/  

(m s-1) 

2 bl precipitation correction 2 1.05 0 4 
mm/ 

(m s-1) 

3 as precipitation correction 3 0.25 0 1.5 
mm/ 

(m s-1) 

4 bs precipitation correction 4 1.2 0 2.4 
mm/ 

(m s-1) 

5 Tr/s 
Snow model: transition temperature 

snow and rain 
1 0 3 °C 

6 DDFice 
Glacier model: degree day factor for 

ice 
6 3 9 mm °C d-1 

7 DDFfirn 
Glacier model: degree day factor for 

firn 
5 2 8 mm °C d-1 

8 DDFsnow 
Glacier model: degree day factor for 

snow 
4 1 6 mm °C d-1 

9 Kice Glacier model: recession parameter ice 12 1 100 H 

10 Kfirn Glacier model: recession parameter firn 120 100 1000 H 

11 Ksnow 
Glacier model: recession parameter 

snow 
24 10 1000 H 
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7.5.2.2. Local sensitivity analysis 

The adjustable parameters chosen for sensitivity analysis are adjusted manually one at a 

time while the other parameters are fixed at their initial value. A sensitivity index is 

calculated by finding the output difference (%) when varying one input parameter from 

its minimum value to its maximum value. Therefore: 

 
𝑆𝐼 =  

𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

𝐷𝑚𝑎𝑥
 

(7.1) 

Where, SI is the sensitivity index and Dmax & Dmin are the maximum and minimum 

output values respectively (Hamby, 1994). 

This is compared to a model run for the year 2012 that was produced using the un-

calibrated pre-set recommended values (defined as the ‘Base-Case’).  

The most important parameters are then analysed in detail using three methods of model 

efficiency analysis, each of which aim to show how well matched the model is to the 

Base-Case. These are the Pearson correlation (PC) coefficient, the Nash-Sutcliffe (NS) 

method and the root mean square error.  By comparing these different methods in the 

sensitivity analysis some light can be shed not only on the overall change in efficiency 

but on the way in which the parameter adjustment has altered the result. For example, 

the Nash-Sutcliffe method is widely used in hydrological research. However it is 

focused heavily on gaining a good fit for the peaks of the modelled river flow rather 

than the troughs. Therefore a change in parameter value that has improved the Nash-

Sutcliffe value is likely to have directly affected the peaked-ness of the river discharge. 

This can allow for interpretations to be made as to the internal workings of the 

catchment hydrological system as represented by the model.  
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The results of the sensitivity analysis are compared to the results of the Base-Case run 

after a 10 year initialisation period during which the catchment was ‘filled’ with water.  

7.5.3 Results of the Sensitivity analysis 

The un-calibrated model run appears to be representing the actual discharge reasonably 

well (Fig. 7.6). This is supported by Pearson and Nash-Sutcliffe indices of 0.8 and 0.65 

respectively. However, the 2012 base-case generally underestimates the discharge and 

has difficulty representing the largest peaks. The Pearson value is lower than the Nash-

Sutcliffe as the peaks are not as well represented by the model as the low flows and 

general trend. The un-calibrated model is good at representing the rising limb of the 

discharge but often the peaks occur earlier than the measured values. It is encouraging 

that even prior to the calibration, the model is representing the catchment reasonably 

well during the ablation season. September to December 2012 are not represented due to 

the lack of data to calibrate against (See Chapter 6.44 on discharge data correction). The 

results shown in Figure 7.6 provide the baseline against which all individual parameter 

adjustments are compared. 

 

Figure 7.6 2012 the base-case model run. Showing measured discharge against pre-calibrated 

model run discharge. 
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Figure 7.7 Percentage change in the average discharge of the base-case when varying parameters 

between minimum and maximum values (all other parameters remaining constant) 

 

It is immediately evident from the sensitivity analysis that the degree day factor for ice 

(DDFice) has the greatest impact on the average discharge. As was shown in Chapter 4, 

the glacier is the source of the majority of the river discharge during the summer 

months. It is during the summer that the vast majority of the yearly total discharge 

occurs and so it makes sense that the model is most sensitive to the parameter that 

controls the amount of melt in response to temperature. The degree day factor for ice 

(DDFice) is the most significant and the sensitivity analysis finds an increase in average 

discharge of 49% of the base-case when the parameter is varied between its minimum 

and maximum values. The degree-day factor for snow (DDFsnow) is also significant 

and the sensitivity analysis finds an increase in average discharge of 25% of the base-

case when the parameter is varied between its minimum and maximum values. 

Parameters that control the storage in ice, snow and firn are also important, changing the 

average discharge of the base-case by between +/- 1 – 5%. Of the precipitation 

correction factors only one was found to be significant and that was the precipitation 

correction, (al). This parameter is important in the calculation of the total liquid 

precipitation. Factors pertaining to snow (as & bs) were less important presumably 
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because their influence on the model is hidden by the more significant influence of 

DDFsnow. DDFsnow is a major parameter in the ice-firn sub-model and so in 

applications of WaSiM where this sub-model is not included, the precipitation factors 

for snow may be more significant in the model results. Parameter Tr/s is also 

moderately important in the model outputs, also because of the prominence of the ice-

firn model and the extent of the glacier cover in the Virkisjökull catchment. Parameter 

Tr/s will partly designate how much snow accumulation there will be and therefore how 

much of the glacier is exposed to melt throughout the year, therefore it alters the 

average discharge values by up to 3% (Figure 7.7). 

7.6 Model calibration 

7.6.1 Introduction 

Only those parameters which are not measurable, such as the long term storage 

constants of the snow, ice and firn areas and the temperature and altitude-dependent 

adjustments in precipitation, were highlighted for calibration. The degree day factors for 

snow, ice and firn could be argued to be measureable and should not be calibrated. This 

could particularly be said for the degree day factor for ice which has been studied 

intensively in Chapter 4. As the value for this parameter is known, it should be given a 

narrower range in the automatic calibration. Table 7.7 also shows upper and lower 

limits to the parameter values that are expected in the calibration. These limits can be 

set to ensure that the model does not run into values that are implausible in the real 

world in order to ensure a good model fit that is not based on known scientific 

boundaries. On inspection of the upper and lower limits that have been set for the 

calibration of the degree day factors for ice, it can be seen that the optimum value is 

anticipated to fall within the range 3 – 9 mm °C-1 d-1. This range can be seen naturally 

occurring in the measured values recorded in Table 4.2 in Chapter 4. The value of the 
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degree day factor is therefore expected to vary depending on local climate conditions, 

the length of the measurement period and the location of the area measured including its 

level of shading and any debris cover on the ice surface. The model requires the use of 

an appropriate average (with the pre-set limits of the parameter) that can be used to 

predict river discharge year round. Therefore the calibration process of acquiring a good 

average degree day factor within the observed limits is appropriate. 

It is not possible to estimate the value of all the parameters of models by prior 

measurement or estimation (Beven, 2001).  Parameter values can be expected to fall 

within a feasible range that has been set according to values from the literature, logic 

and experience. Calibration of WaSiM involved optimization of the parameter values 

(discussed in the previous section) by comparing the results of repeated simulations of 

discharge with observation of the discharge measured at the Virkisá bridge gauging 

station (AGS1). The 11 parameters chosen for calibration were adjusted automatically 

between each model run using PEST. This software uses an optimization algorithm in 

order to find the best fit parameter set. For this software to function it must be assumed 

that the observed values of discharge are error free and that the model is a true 

representation of the catchment. This section presents in detail the calibration method 

and discusses some of the criticisms of parameter calibration.  This section will also 

describe the final or optimised parameter values that are to be validated using the 

discharge measurements of 2014 and used in the predictive scenario-based section of 

this project. 

7.6.1.1 Introduction to PEST software 

PEST is one of the most advanced parameter estimation package available to 

environmental modellers (Doherty, 2010).  It will adjust model parameters until the fit 

between model outputs and field measurements is optimized in the weighted least 

squares sense (Doherty, 2010). PEST is a non-linear parameter estimator that exists 
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independently of WaSiM. In order for it to work, the adjustable parameters within  

WaSiM  are read which allows PEST to rewrite the model input files using the 

parameters appropriate at any stage of the optimisation process. Once interfaced with 

WaSiM, PEST’s role is to minimise the weighted sum of square differences between 

model-generated observation values and those actually measured in the field. For this 

the Gauss-Marquardt-Levenberg algorithm is used (Marquardt, 1963). This summary 

will not describe the mathematics of the computerized program because this is done 

fully in Chapter 2 of the extensive PEST manual (Doherty, 2010). At the end of the 

parameter estimation process, PEST records the optimised value of each adjustable 

parameter together with that parameter’s 95% confidence interval. It also tabulates the 

field measurements alongside the model calculated values and records the difference 

between them. From the PEST process estimated parameter values are given. They are 

then assessed for their feasibility.  

7.6.2 Method 

7.6.2.1 Inputs 

PEST requires three main inputs: 

1. Template files, one for each of WaSiM’s input files (on which parameters are 

identified). This is simply a replica of the WaSiM model input file except that 

the space occupied by each parameter is replaced by a sequence of characters 

which identifies the space. 

2. Instruction files, one for each of WaSiM’s output files on which model-

generated observations are identified. 

3. Input control file. This supplies PEST with the names of all template and 

instruction files (described above), the names of the corresponding WaSiM input 

and output files, the control variables, initial parameter values and measurement 

values. 
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7.6.2.2 Processes 

The model was calibrated against daily discharge observations collected at the boundary 

of the measured catchment area (ASG1) between 14/04/2013 – 26/10/2013. The 2013 

ablation season was chosen for model calibration for several important reasons. The 

precipitation values from AWS1 and AWS4 were found to be reliable (See Chapter 4).  

Between the chosen dates there were no periods of sub-zero temperature at the altitude 

of the gauging station and therefore the occurrence of channel ice that may skew 

discharge results is reduced. This was also supported by analysis of thrice daily field 

photographs (see Chapter 6). In modelling convention it is considered bad practice to 

use the same year for model spin-up (ten repetitions of one full modelling year over an 

extended period in order to fill the virtual catchment with water) and model calibration 

as it can cause collusions.  The year 2012 was therefore unusable and 2014 was 

assigned to model validation in order to test the results of the calibrated model.  

7.6.3 Results and model validation 

 

Figure 7.8: Final measured versus modelled discharge. 

 

The WaSiM model was automatically calibrated using PEST software for the 

Virkisjökull catchment using a series of 196 daily measured discharge values. Results 

0

5

10

15

20

25

1
4

/0
4

/2
0

1
3

2
8

/0
4

/2
0

1
3

1
2

/0
5

/2
0

1
3

2
6

/0
5

/2
0

1
3

0
9

/0
6

/2
0

1
3

2
3

/0
6

/2
0

1
3

0
7

/0
7

/2
0

1
3

2
1

/0
7

/2
0

1
3

0
4

/0
8

/2
0

1
3

1
8

/0
8

/2
0

1
3

0
1

/0
9

/2
0

1
3

1
5

/0
9

/2
0

1
3

2
9

/0
9

/2
0

1
3

1
3

/1
0

/2
0

1
3

D
is

ch
ar

ge
 (

m
3

s-1
)

Measured

Modelled



210 
 

are shown in Figure 7.8 above. Table 7.10 shows a comparison summary between the 

observed and modelled river discharge values.   The range and final parameter values 

are given in Table 7.9. The calibrated parameters tend towards the higher end of the 

recommended range of values with the exception of the degree day factor for snow, the 

recession parameter for firn and one of the precipitation corrections (bs).  The tests used 

to assess the calibration of the model are based upon these comparisons.  A wide range 

of tests were used to assess the model calibration.  These tests are discussed by overall 

performance, the shape of hydrograph, low flows, peak flows and volume errors. The 

results are summarised in Table 7.7 below.  

Table 7.7 Results of model calibration statistics 

Test result units 

Nash-Sutcliffe coefficient 0.6 NA 

Pearson's correlation coefficient 0.8 NA 

Index of agreement 0.9 NA 

Kling-Gupta efficiency 0.8 NA 

Peak difference -9 m3 s-1 

percentage error in peak -35 % 

mean squared logarithmic error 0.8 m3 s-1 

mean squared derivative error 3.7 m3 s-1 

volumetric efficiency 0.7 NA 

 

Table 7.8: The fit of water balance, r2 and r 2 log at the gauging station used for calibration of the 

WaSiM watershed model. Qmeas is the average measured discharge (m3 s-1). Qcalc is the 

calculated average discharge. Difference between the two data sets is shown in percentage and R2 

and R2log are the Nash-Sutcliffe coefficients of fit. 

Station Period Qmeas Qcalc Difference R2 R2log 

ASG1 14/04/2013-26/10/2013 4.95 4.01 19% 0.6 0.8 
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Table 7.9: All parameters calibrated and their range and values (before and after calibration). 

Name Description Default  

Range-

Low 

Range-

High 

Calibrated 

value Units 

Al precipitation correction 0.05 0 2 0.846 mm/(m s-1) 

Bl precipitation correction 1.05 0 4 4 mm/(m s-1) 

As precipitation correction 0.25 0 1.5 1 mm/(m s-1) 

Bs precipitation correction 1.2 0 2.4 0.827 mm/(m s-1) 

Tr/s transition temperature 1 0 3 1 ° C 

DDFice degree day factor ice 6 3 9 9 mm °C d-1 

DDFfirn degree day factor  firn 5 2 8 2 mm °C d-1 

DDFsnow degree day factor  snow 4 1 6 4.5 mm °C d-1 

Kice recession parameter ice 12 1 100 10.3 Hour 

Kfirn recession parameter firn 120 100 1000 1000 Hour 

Ksnow recession parameter snow 24 10 100 77.6 Hour 

 

7.6.3.1 Overall performance 

The Nash-Sutcliffe coefficient is also known as the coefficient of efficiency. This 

measure of model efficiency ranges from 0 – 1 with the maximum positive score of 1 

representing a perfect fit. A value of 0 indicates that the model is no better than a one 

parameter “no knowledge” model in which the forecast is the mean of the observed 

series at all time steps (Nash & Sutcliffe, 1970). The Nash-Sutcliffe value achieved is 

0.6 which is a sufficient fit for the aims of this project. Values that fall between 0.6 and 

1 can be considered an acceptable correlation but this depends on what question the 

model is being used to answer and the degrees of freedom (Schaefli & Gupta, 2007). 

For example, a  study involving high mountain catchments with strong annual discharge 

cycles obtained a surprisingly high NSE value (>0.9) through just random generation of 
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7 model parameters illustrating that care must be taken in the weight applied to such 

measures (Schaefli et al., 2005). 

The R-squared statistic or the coefficient of determination comprises the squared ratio 

of the combined dispersion of two series to the total dispersion of the observed and 

modelled series. Similar to the Nash-Sutcliffe coefficient this test is a measure of the 

overall performance of the model and a perfect fit would result in a coefficient of 1 

(Pearson, 1895). The coefficient of efficiency achieved for this model calibration is 

0.8.This test places greater weight on the simulation of low flows in comparison to the 

Nash-Sutcliffe test demonstrating that this model is more successful in general at 

predicting low flows in comparison to peaks, but only marginally so when looking at 

the overall performance. These two tests are the most commonly used in hydrological 

studies and are often used together.  

The index of agreement was developed as a standardized measure of the degree of 

model predication error and also varies between 0 and 1 (Willmot, 1981). The index of 

agreement can detect additive and proportional differences in the observed and 

modelled means and variances; however, it is overly sensitive to extreme values due to 

the squared differences (Legates & McCabe, 1999). The model achieves its highest 

value with this coefficient at 0.89 which is a very good result. 

The final measure of the overall performance is the Kling-Gupta efficiency. This 

goodness-of-fit measure was developed to provide a diagnostically interesting 

decomposition of the Nash Sutcliffe efficiency which facilitates the analysis of the 

relative importance of its different components (correlation, bias and variability) in the 

context of hydrological modelling (Gupta et al., 2009). This was then revised to ensure 

that the bias and variability ratios were not cross-correlated (Kling et al., 2012). The 

Kling-Gupta efficiency reached for this model calibration was 0.76, representing a 
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strong positive correlation between observed and simulated results and an improvement 

on the original Nash-Sutcliffe value described above (Biondi et al., 2012). 

 

Figure 7.9 Modelled against measured discharge with an atypical peak associated with high rainfall 

removed (20th of August to the 5th of September).  

  

 It was found that the overall performance could be improved by the removal of one 

significant flood event in September. It can be seen from observations that this event is 

an anomaly and the model has struggled to represent it correctly (Figure 7.9).  Removal 

of this event form the calibration resulted in an improved Nash-Sutcliffe of 0.7 and 

Pearson coefficient of 0.9. This effect is likely a result of error in the measured 

precipitation input data and is described in more detail in the summary below (Section 

7.6.4). As long-term trends are the focus for the scenario modelling, the inability to 

represent unusual and infrequent large peaks is not considered a hindrance in the models 

usefulness for this projects aims. 

7.6.3.2 Peaks 

The peak difference metric records how well the highest output values in the modelled 

dataset matches the highest recorded values in the observed dataset. There is no upper 

bound and for a perfect model the result would be 0. This measure indicates whether or 

not the forecast is biased (whether a systematic error exists that makes forecasts either 
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disproportionately positive or negative). The result is positive if a model overestimates 

the actual peaks or negative if it under-estimates the peaks. The peak difference result is 

-8.7, therefore the model underestimates the peaks. 

The percentage error in peaks calculates the difference between the highest value in the 

modelled dataset and the highest value in the observed dataset (made relative to the 

magnitude of the highest value in the observed dataset). It is expressed as a percentage 

and can be either positive or negative. It is unbounded and a perfect fit of the model 

would result in a value of 0. Positive values denote an over-estimate whereas negative 

values denote an under-estimate of the peak. The result given is -35%, which supports 

the former test and shows that the model underestimates the observed peaks by 

approximately 35%. 

7.6.3.3 Low flows 

The mean squared logarithmic error test was undertaken to show how well the model 

represents low flows. It is a suitable test for low flows as it is based on logarithmic 

transformations (de Vos & Rientjes, 2007). The results of this model range between 0 

and infinity with 0 being a perfect model fit. The result for Virkisjokull is 0.9.  

7.6.3.4 Shape of the hydrograph 

The shape of the hydrograph is analysed using the mean squared derivative error. This 

test is similar to the mean squared logarithmic error discussed in the previous section. 

This test expresses the difference between the first-order derivatives of the simulated 

and the observed discharge, which is equal to the difference in residuals between two 

successive time steps (de Vos & Rientjes, 2007). It provides the best indicator of fit to 

the hydrograph shape. As above, the results of this model range between 0 and infinity 

with 0 being a perfect model fit. The result of the equation is 3.7. De vos and Rientjes 

(2007) achieved a value of 0.00000123 for the Geer River in North Belgium again 
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indicating that at Virkisá there is not a perfect fit of the daily shape of the hydrograph 

however this would be very unlikely wthout overparametising the model and so this 

result is considered by this PhD to be acceptable.  

7.6.3.5 Volumetric efficiency 

The volumetric efficiency represents the fraction of water delivered at the proper time 

(Criss & Winston, 2008). Theoretically the result can range from minus infinity for the 

worst case to 1 for a perfect model. The result from this analysis is 0.7 which shows that 

the model is representing the overall volumetric output of the catchment with a fair 

degree of success. 

7.6.4 Summary 

Table 7.10 shows all the results of a basic statistical analysis on the discharge results of 

the calibration. The mean discharge of the modelled values is similar to the observed 

values over the whole period of measurement, whereas there is a large difference (8.7 

m3 s-1) between the highest peaks and a smaller difference of 0.23 m3 s-1 between the 

lowest flows. The model gives lower flows than are ever observed in reality at Virkisá. 
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Table 7.10: Comparison of the main descriptors of observed and modelled discharge 

Analysis type Observed Modelled Difference units 

Mean 4.9 4 0.9 m3 s-1
 

Minimum 0.3 0.1 0.2 m3 s-1
 

Maximum 25 16 9 m3 s-1
 

Variance 14.9 12.6 2.3 m3 s-1
 

Standard deviation 3.9 3.6 0.3 m3 s-1
 

Skewedness 1.5 0.9 0.6 NA 

Kurtosis 6.4 3.6 2.8 NA 

Peaks over threshold 196 196 0 NA 

Lag-one autocorrelation 0.9 0.9 0 NA 

SD of increments 2.1 - - m3 s-1
 

 

One of the features of calibrating the model based on daily observations is that the 

resulting hydrograph tends to be smoothed, as runoff peaks are dampened in the model, 

while minimum instantaneous flows tend to be overestimated (Latkovska, 2012). Figure 

7.10 shows a comparison between measured and simulated discharge where the dashed 

line indicates a perfect fit and the solid line represents the linear best fit between 

measured and simulated discharge. This figure represents the best possible fit from the 

range of parameter values that were calibrated. 
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Figure 7.10: Measured and simulated (WaSiM) daily discharge (m3 s-1) at ASG1 shown in Table 1. 

Dashed line indicates a perfect fit, solid line represents the linear best fit between measured and 

simulated discharge. y = 0.6645x + 0.7189 R² = 0.6469.  

 

The modelled values generally underestimate the measured discharge. The majority of 

residuals fall within 2 standard deviation of a perfect fit, with the greatest error 

occurring late in the ablation season (Figure 7.8). The model is not as successful at 

representing high flows (as represented by the lower value for the Nash-Sutcliffe 

coefficient).  The timing of peaks suggests that the storage coefficients are correct and 

the model is representing transit times in the catchment well at a daily time step. This is 

supported by the high value of the volumetric efficiency test. Early in the season 

between 14/04/2013 – 26/05/2013 the low flows are very well simulated.  

 An analysis of the residuals (the difference between the measured and modelled values) 

against daily temperature shows that the discrepancies in the model are not related to 

temperature changes. As the glacier module is so heavily reliant on the temperature 

record to generate melt input, it is unlikely that the error in the modelled values is due to 

a misrepresentation of melt with temperature increase (Figure 7.11).  
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Figure 7.11 Residuals against temperature at AWS1 

High residuals may be better explained by days where there is a high rainfall total at 

AWS1 (e.g. 24.08.2013) (Figure 7.12). This suggests that periods of less satisfactory 

model-fit are due to the models inability to accurately distribute precipitation or in the 

precipitation input data itself. Chapter 4 demonstrates how important well constrained 

precipitation values are to the correct representation of discharge. The model was rerun 

using a Thessien interpolation of precipitation (see Chapter 4) but it was found to result 

in no significant improvement in the results of the calibration when compared to a 

model run with a linear regression of precipitation. Therefore it is likely that the 

problem lies in measurement of rainfall which is most likely affected by wind-induced 

under-catch and the influence of snow on the rain-gauges.  

 

Figure 7.12: Residuals shown against daily total precipitation. 
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A related issue identified as problematic is that the degree day factor for ice (DDFice) 

was found to calibrate to 9 despite being measured to be 6 (Chapter 4). This is likely to 

be the result of the model compensating for the inability to match measured discharge 

during peaks of river flow. These peaks (as demonstrated above) are associated with the 

occurrence of high precipitation events. The model is therefore adjusting the most 

sensitive parameter (DDFice) beyond its measured value in order to match the measured 

discharge because the total is not being modelled correctly due to the uncertainties in 

the rainfall input data. It is for this reason that the model has also tended to adjust to the 

high end of all the parameter ranges during calibration. The difficulties with measuring 

and distributing rainfall data were recognised early in this study as a source of potential 

error (Chapter 4). It is therefore with this understanding that the model is allowed to 

adjust the DDFice as compensation.  For the purposes of scenario modelling it is a 

necessary adjustment required to run the model. It is recognised that this is not an 

accurate representation of the melt rate within the catchment. For this reason the model-

generated ice melt totals are not to be used for analysis, rather the measured values 

described in Chapter 4 are to be trusted. This highlights the importance of measuring 

ablation data as a comparison to the model outputs.  

However the model’s overall performance is good at a daily time step. In particular, the 

overall volumetric efficiency and the amount of water generated by the model and its 

timing are accurate. It could be improved by further adjusting parameters that have a 

large impact on low flows and peaks especially within the calibration. However the 

argument against over adjusting the parameters to force the model to better fit is best 

made in the PEST handbook:  

"..in many cases of model deployment the fit between model outcomes and field 

measurements can be improved with relative ease by declaring more parameters 
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as adjustable or by simply adding more parameters to the model. This is 

particularly the case for distributed parameter models where it is an easy matter 

to undertake a finer subdivision of the model domain for parameterisation 

purposes, thus endowing the model with a greater number of parameters that 

require estimation. Ultimately, through adding more and more parameters, it 

may be possible to reduce the objective function to almost zero as every nuance 

of system behaviours is replicated by the model outputs. In general the more 

parameters that are estimated, the more highly are they correlated, and the more 

likely it is that some of them are insensitive. Both of these will contribute to a 

high degree of parameter uncertainty which may result in a high degree of 

uncertainty for at least some types of model predictions" (Doherty, 2010).  

7.7 Scenario modelling 

7.7.1 Introduction 

In Iceland there has been a general warming trend recorded since 1831. The greatest 

period of warming occurred between 1980 -2006.  For example warming recorded in 

Stykkishólmur on the Snæfellsnes peninsula shows a 1.5°C increase in mean annual 

temperature since the 1880s (Jóhannesson et al., 2007).  Precipitation records show 

considerable scatter and do not show a consistent long term trend (Crochet, 2007). 

Glacial melt is highly correlated to air and sea surface temperatures, with spring 

discharges affected specifically by winter and spring temperatures. This makes glacier 

rivers different to non-glaciated ones, where the response pattern resembles the 

variability in precipitation.  Jóhannesson et al. (2007) dynamically downscaled the 

global atmospheric simulations from the Hadley Centre model (Johns et al., 2003) in 

their study which provided them with plausible regional temperature and precipitation 

change for Iceland. Their results were comparable to those found by similar studies 
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(Rummukainen, 2006; Fenger, 2007). Their results show that there will be an increase 

in annual average temperature of 2.8°C by 2071-2100 and an increase in annual 

precipitation for the whole country of about 6% during the same period. In their study it 

was found that the runoff from the whole of Iceland would increase by 25% when the 

climate has warmed by 2.8°C and precipitation by 6% in the same period. Of this result 

it was found that the largest contribution to the increased runoff came from increased 

melting of glaciers as a result of the temperature rise.  However their climate change 

scenarios are only one out of a number of possible scenarios that could be defined on 

the basis of many global simulations and down-scalings that are available. Jóhannesson 

et al. (2007) do not calculate the statistical uncertainty of this scenario. The predictions 

for the whole of Iceland given by this study will be applied to the Virkisjökull 

catchment. It will also assess how well their results can represent the small scale 

catchment variability in runoff as a result of temperature and precipitation changes. In 

recognition of the uncertainty of the climate projections this project will also model the 

changes in runoff for a temperature increase of 1 & 3°C. This study will also model a 

scenario where there is no change in precipitation and an increase in precipitation of 6% 

and 10% in recognition of the high regional variability shown in the Hadley Centre 

model simulations of future projections. 

One of the initial benefits of the use of WaSiM is its ability to dynamically adjust the 

extent of the glacier covered area within the model framework with increased 

temperature per model iteration. This means that it is not necessary to manually adjust 

the glacier area based on predictions of future extent inferred from quantitative 

measured data.  However, the use of the dynamic glacier sub-model within WaSiM 

significantly increases the processing time. It also presupposes that the model correctly 

represents the behaviour of the glacier with climate change. It is for these reasons that a 

manual adjustment has been used in this project. The benefit of this method is that it 
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allows the researcher to use their knowledge of the individual catchment and the 

empirical data on melt rates (gathered via measurement of ablation stakes in Chapter 4) 

to be applied directly to the future scenario modelling. This is likely to reduce the 

uncertainty associated with the modelled results based on the pre-supposed validity of 

the calibrated parameters. 

A study by the Icelandic Energy Authority coupled a mass and dynamic model in order 

to simulate the response of southern Vatnajökull to the climate change scenarios 

discussed above (Jóhannesson et al., 2007). The results showed that by 2040 Southern 

Vatnajökull would be 75% of its original size, 40% in 2090 and 1% by 2190. Only the 

highest peaks of Vatnajökull are expected to survive more than 200 years. Virkisjökull 

is located on the southern part of Vatnajökull and extends in height up to the summit of 

Örӕfajökull volcano which is the highest part of the icecap and located on the highest 

peak in Iceland. It is therefore likely (according to these predictions) that the remaining 

ice covered area after 200 years will comprise in part some of the glacier that discharges 

through the Virkisjökull catchment area. Due to these glacier predictions the runoff is 

expected to peak at 40-50 years from present before beginning to reduce again.  These 

predictions are an average for the entire southern Vatnajökull region and do not 

differentiate between runoff patterns associated with individual catchments. As 

discussed in Chapter 4 changes in runoff are strongly associated with the individual 

hypsometry of the glacier as it retreats. In this study the scenarios of glacier retreat will 

be designed to reduce the glacier by 10%, 50%, 80% and 98% of its original size. This 

will enable the resultant discharge to be compared to the results of previous simulations 

(Jóhannesson, 2007; Aðalgeirsdóttir et al. 2006). Simulations will demonstrate whether 

the runoff from the Virkisjökull catchment will follow the trends predicted for the 

whole S. Vatnajökull region or whether individual catchment characteristics will have a 

large effect on the results. 
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The method used in this study of future scenario modelling pre-supposes that the glacier 

will indeed continue to retreat yet does not offer a timescale to these glaciological 

changes.  This is because previous studies have already made a valid case for the rate of 

retreat in the region. Rather it focuses efforts on understanding the impact of the 

predicted retreat on the catchment specific runoff behaviour. 

 Chapter 4 indicates that the glacier is significantly out of balance with the current 

climate, with an AAR of 0.4. It was predicted that in order to re-equilibrate, the glacier 

must retreat to1100 m asl (with an unmoved equilibrium line altitude of 1400m asl). 

Assuming that temperatures in Iceland will not change while this happens the glacier 

will stabilize above the present day ice-fall at 1100 m asl. However it has been 

demonstrated that this is unlikely to be the case. As temperatures increase the ELA will 

rise due to the increased melting of the insulating snow layer.  Changes in the height of 

the ELA will be incorporated into the scenario modelling by not stipulating a maximum 

ELA within the model and allowing it to be determined by the temperature lapse rate.  

7.7.2 Methodology 

Modelling scenarios were chosen to represent the likely changes in precipitation and 

temperature in the SE of Iceland in the next 100 years, alongside a range of glacier 

extent scenarios. Therefore a combination of changes in meteorological conditions and 

catchment ice coverage are expected to exert influence on the discharge at Virkisá. As a 

control there are unlikely ‘no-change scenarios’. Expected changes anticipated by the 

literature are varied slightly in recognition of the uncertainty of climatological changes. 

Therefore there are 60 modelling scenario combinations (Table 7.12 in Appendix 5) that 

look at the effect on the river hydrology of: 

1. An unchanged glacier extent with a changing climate 
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2. A reduction of the glacier extent by 10%, 50%, 80% and 98% per model 

iteration while the climate conditions remain stable. 

3. A reduction of the glacier extent by 10%, 50%, 80% and 98% per model 

iteration while the climate conditions change. 

4. A completely ice-free catchment under current climate conditions 

5. A completely ice-free catchment under climate change. 

7.7.2.1 Adjusting glacier thickness 

There are some difficulties encountered in this method of scenario modelling. Firstly it 

assumes that the glacier height/ ice depth does not change. Therefore all the results must 

be post –processed so that the percentage loss of the ice surface can be factored into the 

results of the discharge output. Secondly the only data available for the land formation 

beneath the ice is from disparate ground penetrating radar scans on the lower ablation 

zone of Falljökull (described in Chapter 7). Therefore although the ice classification 

within the modelled land uses changes, the depth of the ice within the DEM does not 

change to reflect the removal of the ice cover. Therefore the distributed model allows 

water running through the catchment to behave as if the area formerly covered in ice is 

now just bare rock surface yet with the same catchment contours. Also the land 

classification under the glacier is unknown therefore it must be assumed to be either 

impermeable bedrock or a thin layer of moraine material overlying bedrock. There is no 

water lost to groundwater through the area formerly covered by ice. Field observations 

from the actively retreating glacier snout suggest that the glacier is sitting on bedrock at 

the 2013 terminus, however it cannot be confirmed that this state continues at all 

altitudes. To test the assumptions that have been made, the model will be run using all 

possible land use classes to compare the difference that this will have on runoff. If the 

difference is negligible then it does not matter which land use the model is programmed 

to have beneath the glacier. If however there is a large difference, the most plausible 
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scenario will be chosen based on observations from other retreating glacier fronts in 

Iceland to represent the future land cover with a reduced glacier extent at Virkisjökull.  

7.7.3 Results 

 

Figure 7.13 shows a representative selection of the results for the 60 model runs 

described in Appendix 6. It can be seen that there is considerable variability even within 

the same glacier extent classes and this is dependent on the magnitude of climatic 

changes. Most strikingly the results show that there can be expected to be an increase in 

the peakedness and flood magnitude as the glacier retreats, particularly when it is 

reduced by between 80 and 98% of its original size. However differences between the 

glacier current extent and the glacier at -10% of its original size fall with the acceptable 

annual variability suggesting that changes in the river will not begin to occur until the 

glacier is reduced  by between 10 and 50% of its current extent (Figure 7.14). This 

section will consider these results in more detail by looking specifically at changes in 

the likelihood of flooding, changes in the total water amount produced, snow cover 

extent, variations in the spring snow melt event and what impact this has on the base 

flow. 

 

 

Figure 7.13 Mean daily discharge results for a selection of modelled outcomes. All scenarios 

shown here (except the original base-line) have an increase of 2.8 °C temperature and 6% 
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precipitation.  They vary only by glacier extent. See Appendix 6 for more information on the 

scenario numbers and what they signify. 

 

Figure 7.14 Detail of scenarios comparing discharge to the base-line scenario 
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Jóhannesson et al. (2007) found that runoff in Iceland as a whole would increase by 

25% when the climate has warmed by 2.8 °C and precipitation increased by 6%. Results 

from modelling at Virkisjökull show that from present (2013) glacier extent to -10%, a 

2.8°C change in temperature will result in an increase in discharge of 43-56%. Once the 

glacier has reduced to 50% of its current extent the annual runoff will drop by 37% even 

with the increase in temperature and precipitation. 

 The results of the model show that up to a 10% glacier reduction from the current 

extent will not produce a large change in the amount of river discharge. Indeed with 

current climate change predictions of temperature rise the discharge could be expected 

to increase by between approximately 20 and 60% of 2013 levels. River discharge will 

vary more significantly with changes in temperature than precipitation regardless of 

glacier extent despite the changed percentage of solid precipitation and the resultant 

changed seasonality. This is with the exception of scenarios G0-P0T2.8, G0-P6T0, G10-

P0T0, G10-P6T0 and G10-P6T1 which experience a minor reduction in flow. The one 

thing all these scenarios have in common is no change in the mean annual temperature 

but increase in precipitation by 6 or 10%. This indicates that firstly there is little 

functional difference between a precipitation increase of 10% or one of 6%, they both 

result in roughly equivalent change in discharge. Secondly precipitation reduces melt 

and therefore river discharge when not combined with an increase in temperature or a 

reduction in glacier extent beyond -10%. This is most likely due to snow. The threshold 

temperature for snow build up does not change and so more precipitation results in 

more snow and increases the mass balance of the glacier in the short term. However, in 

the long term as the glacier re-equilibrates it may produce more meltwater as a result of 

a larger ablation zone at a low altitude. 
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By a 50% glacier reduction, the average annual melt water input decreases sharply from 

between -40 to up to -60 %. With -80% reduction of the glacier area, the discharge 

decreases by between -60 to -80%, whereas by 98% glacier reduction the average 

annual discharge reduces by up to 82%. Therefore the sensitivity of the catchment to a 

range of climate changes decreases as the glacier recedes. However this does not mean 

that the river itself becomes more stable. The peakedness of the river flow increases 

rapidly with glacier reduction (Figure 7.14). By a 98% glacier reduction (for example) a 

1°C increase in temperature will make no more change to the river flow than a 3°C, 

whereas in the glacier’s current extent this change could be as much as 50% of river 

flow increase (Figure 7.15).  

 

Figure 7.15 Percentage change in discharge from 2013 baseline (all scenarios). 

 

Figure 7.16 Mean annual discharge calculated from all modelled scenarios 
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Current mean annual discharge is 2.7 m3 s-1. With a temperature increase of 3°C this 

would increase to 4.7 m3 s-1 and with no temperature increase and an increase in 

precipitation of 10% this could reduce to 2.4 m3 s-1. These numbers are closely 

replicated for a 10% glacier reduction (Figure 7.16). By a 50% reduction there would be 

a significant reduction in mean annual flows yet a simultaneous increase in the 

peakedness or unpredictability of flows as they become more dependent on rainfall and 

less on the regulating effect of the glacier (Figure 7.17). By a 98% glacier reduction the 

average annual flow has reduced to approx 0.7m3 s-1, which reduces the Virkisá to a 

trickle for the majority of the time. This is perhaps surprising given the catchment’s 

mountainous location and proximity to some of the highest precipitation records ever 

made in Iceland.  

 

Figure 7.17 Peakedness of river discharge series against glacier extent. 

 

At all glacier dimensions, summer has the greatest river flow except for the 98% 

reduction scenario. In this scenario, winter has the highest flow with summer second 

followed by autumn and spring. Spring is the lowest flow season for all glacier extents. 

Discharges do not seem to be affected by a 10% reduction in glacier area as they are the 

same as the glacier at the current extent.  When the glacier has lost 80% or more of its 

area the amount contributed to the river during the spring is so small as to be almost 
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nonexistent.  A 10% glacier reduction reduced the flow in all seasons except summer 

where the discharge increases (Figure 7.18).  

 

 

 

Figure 7.18 Average seasonal discharge of river as modelled for 2013 under different glacier 

reduction scenarios. The glacier is in a steady state for each model run. 

 

Scenarios used in Figure 7.19 are 2.8 °C increase in temperature and 6% increase in 

precipitation. These graphs show two major flood peak discharges and the impact that 

glacier reduction has on the magnitude of these peaks. Although average flows decrease 

as the glacier reduces the magnitude of floods increase. This is shown to be the case for 

individual flood events but not for prolonged periods of high flow during the summer 

months. Changes in the magnitude of flooding events will be particularly significant in 

the winter months according to the modelled results. 
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Figure 7.19 A. a flood that took place on the 18th Jan 2013 modelled under glacier reduction 

scenarios B. a flood that took place on the 13th Nov 2013 modelled under glacier reduction 

scenarios. Findings show that in both cases the recorded flood magnitude would be increased with 

glacier reduction, demonstrating that at its current extent the glacier has a dampening effect on 

flood magnitude when it is a flood predominately forced by high precipitation. 
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Figure 7.20 Total runoff volume (million m3) against increasing temperature under increasing 

glacier reduction percentages. 

 

Figure 7.20 shows the effect of temperature change on total runoff volume at 

different glacier extents. The results show that as the glacier retreats, the discharge 

of Virkisá becomes less sensitive to increases in temperature. It also shows that a 

2°C increase in temperature (for example) can have very different effects on the 

river discharge, depending on what extent the glacier has reduced to. This effect 

increases with increasing temperatures. Following this trend, if temperature were to 

be lowered, the difference between discharge from different glacier extents would 

reduce to the point where there would be very little variation between them, 

presumably because it would be frozen solid all year. At the glacier’s current extent, 

a slight increase in temperature will have significant effects on the river discharge.  
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Figure 7.21 Total discharge against changes in precipitation as a result of changes in glacier area. 

 

Up to a 10% glacier reduction, increasing precipitation leads to a reduction in total 

discharge probably as a result of snow storage. At 50% glacier cover to 98% glacier 

reduction an increase in precipitation results in a slight increase in discharge. There 

is therefore a threshold between 10 and 50% glacier loss where changes in 

precipitation become more important in the catchment hydrology than at present 

(Figure 7.21). 

 

Figure 7.22 Flow-duration curves on natural scale. This figure demonstrates that glacier reduction 

(%) changes the flow duration curve of Virkisá. The curves becomes flatter and less variable with 

reduced glacier area in the catchment. 
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Figure 7.22 shows changes in the flow duration curve with variations in glacier 

covered area. There is little change in the curve between current glacier cover (no 

change) and a reduction in glacier cover by 10%. However as the glacier reduces 

further the upper end of the curve becomes steeper and there are more frequent low 

flows. This indicates a reduction in storage within the catchment as the glacier 

retreats.  It also confirms that the storage effect observed on the current FDC is not a 

result of the lake as could be interpreted by comparison to other catchments of a 

similar size (Chapter 6), but as a result of the presence of the glacier acting as the 

main catchment water storage. Therefore the lake currently has a minimal 

attenuation effect on the catchment hydrology, consistent with the findings of the 

foreland dye tracer tests reported in Chapter 5. 

Perhaps one of the most significant changes in the river is the effect that glacier 

reduction has on the amount of base flow and therefore the relationship between the 

river and the large groundwater aquifer on the sandur area. Base-flow is the result of 

delayed flow through the lake and is fed from groundwater during low flows. The 

relation of base flow to groundwater discharge provides important information in 

regional-scale studies of groundwater conditions (Piggott et al., 2005). Base flow 

varies depending on temperature and precipitation variations. It will not show a 

large change with up to a 10% loss of glacier ice cover. However by 50% glacier 

loss base flow can be expected to reduce by approximately 0.5 m3 s-1 on average and 

become much less variable due to a reduction in meltwater input into sandur storage 

in the long term (Figure 7.23). In addition, the base flow index (the proportion of the 

discharge that is comprised of base flow water) is also altered by the removal of 

glacier ice and changes in temperature and precipitation. With up to 10% reduction 

in glacier covered area, the base flow index varies between 0.5 and 0.7 of river 

discharge. This indicates that the glacier is an important source for base flow in the 
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river as it recharges the sandur groundwater during the summer melt season. This 

results in a higher base flow retained throughout the year, more so perhaps than 

groundwater seepage. However as the glacier recedes the base flow index drops to 

0.1 – 0.2 of river discharge.  At this level it is likely that base flow is being 

maintained by groundwater and the lake, to a small extent. At 98% glacier loss the 

base flow index stabilises at 10% with the average base flow of 0.1 m3 s-1. In this 

model the contribution to the river from base flow is very sensitive to changes in ice 

cover (Figure 7.24). 

 

 

Figure 7.23 Average baseflow calculated from all modelled scenarios 

 

 

Figure 7.24 Baseflow index (the portion of flow attributed to baseflow component) for all model 

scenarios 
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The yearly extent of snow storage has a large effect on the monthly magnitude of 

discharge and is very sensitive to changes in temperature and precipitation. Figure 

7.25 shows that under the climate warming scenario of Jóhannesson et al. (2.8°C) 

average monthly discharges in the summer are high with a maximum of 10 m3 s-1 in 

July. Lows of 1m3 s-1 occur in both March and April. However a slight increase in 

precipitation with no corresponding increase in temperature results in a very 

different yearly hydrograph. Maximum summer discharges are noticeably reduced 

to 6 m3 s-1 in August.  Late winter low flows are reduced to 0.5 m3 s-1 (Figure 7.26). 

This can be seen to correspond with an increase in the amount of snow storage in 

the catchment as calculated by the model and greater snow accumulation at lower 

altitudes in particular. Scenario G0-P6T2.8 (Figure 7.27) shows the impact on the 

yearly hydrograph of an increase in both temperature and precipitation. It is clear 

that temperature is the dominating factor. Winter discharge increases to 4 m3 s-1 in 

January. The peak discharge once more occurs in July but with a marginally reduced 

magnitude but remains high throughout August. The hydrograph has a gentler 

gradient on its tail at the end of the ablation season.   
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Figure 7.25 Scenario G0-P0T2.8 result for snow storage (mm) with corresponding monthly mean 

discharge. 
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Figure 7.26 Scenario G0-P6T0 modelled snow storage result (mm) and the corresponding mean 

monthly discharge. 
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Figure 7.27 Scenario 8 (G0-P6T2.8), showing snow storage in the catchment with the 

corresponding monthly mean discharge 
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7.8 Summary 

 “...while recognizing that the single ‘true’ model is an ideal, it is an 

unreachable ideal. We have neither the model structures nor the data 

necessary to identify the complex, unique, single realization that is the real 

catchment. Instead, given the limited information available, many models will 

be acceptable simulators or, put another way; no single model can be 

validated as the best representation of the catchment” - Beven (2001) 

This section will summarize the main findings of the hydrological modelling and 

discuss the implications of model predicted changes in the catchment as well as the 

uncertainty around the modelling of future scenarios. 

WaSiM represents the catchment conditions well and a good calibration was achieved 

using only a limited number of parameters. The parameters’ boundary conditions were 

informed by field data and the literature. It was found that the model calibration was 

particularly sensitive to parameters linked to temperature. This is a result of the high 

proportion of glacier cover in the catchment. Therefore in the 60 scenario runs 

undertaken, general trends of river discharge were identified with changes in percentage 

glacier cover. However these results were also very variable depending on the 

individual climate conditions of that scenario run. As changes in climate can be 

predicted but ultimately are an unknown, two temperature and rainfall conditions from 

the literature were used in this study.  This was a 2.8°C temperature increase and a 6% 

increase in precipitation. 

The greatest source of error in the results was the measured precipitation record. This 

could be a result of measurement error (e.g. wind-induced under-catch) or it could be a 

problem with the distribution of rainfall over the catchment within the model 

framework. Significant differences between the catchment rain gauges and those 
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operated by IMO outwith the Virkisjökull catchment demonstrate that nearby weather 

stations cannot be used in place of data collected within the catchment. Despite these 

difficulties a good fit of the calibration was achieved under a wide range of tests 

including peakedness, minimum flows, high flows and general trends. However the 

conditions of the calibration will change as the glacier retreats. With up to a 10% glacier 

reduction, temperature remains the dominant factor in the catchment discharge, however 

as the glacier retreats and precipitation becomes more important, the error and 

uncertainty that arises from difficulties with precipitation data will increase. Therefore 

care must be taken when applying a good calibration from the 2013 baseline to future 

scenarios. 

Observations show that the river responds rapidly to individual events and the model 

accurately recreates this. It is assumed that this sensitivity will continue as the glacier 

retreats. In order to process this, all areas within the distributed model space that were 

formerly designated as ‘ice’ were replaced by ‘bedrock’ cells. These are similar in that 

they are assumed to be impermeable. However there is no way of knowing for sure what 

conditions will exist sub- and proglacially following deglaciation. Unforeseen storage 

within lakes or dammed meltwater behind moraines could change the timescale of flood 

events in a way that it is not possible to code into the model. An extensive bedrock 

topography survey may improve results. However as this is a small catchment it is 

unlikely that a delay in response to e.g. a rainfall event would take longer than 24 hours 

to reach Virkisá. As this model does not attempt to model on a sub-daily timescale this 

error is considered within acceptable bounds. A more detailed understanding of lag-time 

would require a more detailed model with a longer hydrological record for calibration. 

This model was not designed to include the extensive sandur area groundwater storage 

south of the catchment. Preliminary studies conducted by BGS have demonstrated the 
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link between the river and groundwater in this area (O’Dochartigh, 2012). It can 

therefore be said that as changes in the discharge occur so too will the groundwater be 

affected. Further work could use the results of WaSiM to calculate change in recharge 

of the groundwater. However in this study this could not be achieved without at least a 

second river gauging station at the river outlet into the sea and an improvement in 

accuracy of measurements. This model has therefore focused only on the catchment 

changes upstream of the bridge gauging station in order to connect the river to changes 

in the glacier extent. 

The modelled results suggest that the greatest changes in river flow are likely to occur 

between a 10% and 50% glacier reduction. The river will experience a dramatic drop in 

total yearly discharge that cannot be significantly prevented by an increase in 

temperature or precipitation.  This is the direct result of the loss of the majority of the 

ablating area and the regulating effect of this on the summer high flows. High flows will 

instead be dominated by those that occur as a result of rainfall events, the most 

significant of which occur during winter storms. Glacier retreat will therefore increase 

the magnitude of flood events and the peakedness of yearly river flow. Flash floods 

could become a significant hazard in the coming century as the glacier retreats to less 

than half its current extent.  

As mentioned above, WaSiM is very sensitive to changes in temperature and this is 

manifest both through the amount of glacier melt that is predicted but also by the 

accumulation and melting of snow. It has been found that this is particularly the case 

when considering seasonal variations in the amount of river discharge. Findings show 

that the extent of snow storage in the catchment can change the maximum annual flow 

date by a month and has the ability to increase or reduce the total annual flow. This 

effect is particularly strong under scenarios with an increase in precipitation but no 
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increase in temperature. In reality this is an unlikely scenario, however it demonstrates 

that on a yearly scale the river is very sensitive to the snow conditions from the previous 

winter regardless of the extent of glacier cover in the catchment. 

In this model climate change has been represented using a yearly average change only. 

In reality there are likely to be variations between seasons. However to include inter-

annual variability in climate forcing would increase the number of assumptions made 

about anticipated changes. It was therefore decided that over the scale of this project an 

annual average was acceptable.  

Large changes in storage and base flow are anticipated as the glacier store reduces. 

Ultimately if the model predictions are to be accepted it can be anticipated that the river 

will have minimal flow during the late winter/ early spring period under a 50% glacier 

reduction scenario. This is likely to have a great impact on the interaction between the 

river and the groundwater which relies on a consistent base flow for recharge. Base flow 

will drop very rapidly beyond a 50% glacier reduction. In addition the amount of flow 

in the river that can be attributed to base flow will also drop dramatically suggesting 

that the predictable element in the catchment (glacier melt) has been replaced by an 

unpredictable one forced primarily by rainfall events. This could result in an observed 

drop of sandur groundwater storage during certain times of the year. Further modelling 

which included the groundwater element and continuous monitoring of boreholes 

during deglaciation would be of considerable interest. 

This section has shown that it is valuable to conduct this type of distributed modelling 

on a catchment scale. Average predictions of changes in river flow for the whole of 

Iceland underestimate the extent of change in the Virkisjökull catchment. This is the 

result of micro-climate characteristics and individual storage that can only be 

understood by combining models with extensive fieldwork. It is important to consider 



244 
 

the smaller scale when planning for the future as sudden higher flood events may 

require a stronger bridge and other precautions to be put in place before the glacier 

shrinks further. 
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Chapter 8 Discussion  
 

8.1 Introduction  

The overall aim of this project was to understand how the hydrology of a maritime 

catchment evolves during a retreat phase. This was achieved by considering the control 

that the glacier has on the river and modelling how its retreat will impact the behaviour 

of the river. In order to achieve this a number of tasks have been completed. This 

introduction summarizes the main findings. The discussion will then focus specifically 

on each of these outcomes individually before describing their overall significance and 

the future work that can be undertaken in this field.  

The first section of this thesis demonstrated that Virkisjökull is melting rapidly and this 

is influenced by the individual glacier hypsometry as well as temperature. Precipitation 

input is the greatest source of uncertainty in this project. However it is changes in 

temperature and snow melt that have the greatest impact on the river hydrology 

Virkisjökull is in a state of negative mass balance and is likely to readjust to a higher 

terminus altitude in order to re-equilibrate. This process has already begun as evidenced 

by rate of retreat and the loss of movement in the lowest reaches of the glacier snout 

(Phillips et al., 2013, 2014). A smaller glacier reservoir may result in a decrease in lag 

time between precipitation events and river peaks in the long term. Glacier retreat will 

lead to an expansion of the pro-glacial buried ice area. The pro-glacial area includes a 

series of buried conduits that collapse into a dynamically expanding and unstable lake 

area. Water is therefore shifting from being held in long term ice-storage to short-term 

storage within the lake. However, currently the lake area does not store significant 

volumes of water and behaves as a braided river. The pro-glacial area could not be 

modelled as a lake due to the influence of buried ice and the remains of sub-glacial 
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conduits. Therefore changes in this area remain a source of uncertainty for the future. It 

has been found that it was not straight-forward to include the lake in hydrological 

modelling at Virkisjökull as it hides the true catchment behaviour. Virkisá currently 

shows behaviour typical of a sub-arctic maritime glacial catchment. It is a rapidly 

responding system that is currently most influenced by the seasonal melting of ice. The 

glacier is already retreating under current temperatures and the effects of this on the 

seasonal cycle of river discharge are likely to be amplified by climate change as shown 

by distributed modelling with WaSiM. 

8.2 Glacier dynamics at Virkisjökull 

This section will discuss the findings of ablation measurement and degree-day 

modelling at Virkisjökull in comparison to other values recorded in Iceland and where 

these values fit within the global range. Mean daily ablation at Virkisjökull is 4.3 mm d-

1 during the winter and 40.9 mm d-1 during the summer. These values fit within the 

anticipated range both within Iceland and in other glaciated parts of the world e.g. -33m 

d-1 (Rhone glacier); -22mm d-1 at Forno glacier in Switzerland (Haefeli, 1962). 

Similarly the degree day factor for ice (6) falls within Iceland’s measured range and is 

higher than many observed elsewhere in the world (see Table 2.1). Therefore in 

comparison to many other parts of the world there is more melt per degree of 

temperature rise in Iceland, this means that these glaciers may be particularly sensitive 

to future increases in temperature. Ice melt at Virkisjökull has been found to equal 

between 25 – 44% of the total summer river flow. The Iceland average glacial 

contribution to runoff is consistently found to be about 30% or one-third (Rist 1956; 

Tómasson, 1982; Jonsdottir, 2008). This demonstrates how sensitive Iceland’s water 

resources are to changes in glacier ablation. However ablation is not consistent over the 

entire glacier surface. The average annual measured ablation gradient at Virkisjökull 
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was -0.015m m-1 in 2013 and -0.016 m-1 in 2014. Yet the reduction in melt with altitude 

was not always linear and at certain times of the year was inverted so that in some 

places the higher altitudes experienced more melt in comparison to lower areas. 

Ablation gradients are known to vary considerably year on year depending on 

meteorological conditions (Schytt, 1967) but are generally found to be higher in 

maritime glaciers in comparison to continental ones (Raper & Braithwaite, 2009). 

Examples of ablation gradients found on other glaciers are 0.004 (Hodges glacier, South 

Georgia); 0.102 (Aletsch glacier Switzerland); 0.108 (Blue glacier USA); 0.040 

(Greenland ice cap) & 0.031 (White glacier, Canada). 

The accumulation area ratio (AAR) at Virkisjökull was calculated to be 0.4, which also 

falls within the expected range for the country. The AAR of ice flow basins of 

Vatnajökull varied between 20 – 70% of the total area between 1992-2007. In years of 0 

mass balance, 55 – 65% of the glacier surface typically lies above the ELA (Björnsson 

& Pálsson, 2008) over the Vatnajökull area. The mass balance at Virkisjökull was found 

to be on average - 8.45 (between 2012 and 2014). This translates as -9.98 at the 

terminus and +1.53 at the summit. This is a large increase in terminus melt rate from the 

previously published average (1991 – 2006) of -5m for the Oræfajökull outlet glaciers 

(Björnsson et al., 1998; Björnsson & Pálsson, 2008). Other parts of Iceland show 

similar mass balance to Virkisjökull. At Pjorsarjökull & Blagnipujökull -7.5 m at the 

terminus and +1.5 at the summit was observed by Jóhannesson et al. (2006). Whereas 

Hofsjökull is the only icecap in Iceland reported to be in positive mass balance, 

although not strongly so with -0.5 at the terminus and +4 at the summit. At Virkisjökull 

negative mass balance has increased due to much lower accumulation than in previous 

years, according to the snow-wedge model. However this is based on a model calibrated 

with images of the snow line altitude. Further measurements of snow depth in the field 

would be required to confirm this. However this high negative mass balance would 
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explain why Oræfajökull outlet glaciers have been observed to have entered a period of 

accelerated retreat. 

Bergström et al. (2007) showed that the sensitivity of southern Vatnajökull to a 

temperature increase of 1° C was – 1.1 to -1.3 metres water equivalent ablation per 

degree of temperature rise. Virkisjökull has been found to be slightly more sensitive to 

changes in temperature than the Vatnajökull ice cap in general but its totals fall within a 

similar range. The results of the ablation analysis show that a significant increase in 

melt water will be produced under future climate projections (an increase of 43% for a 

2°C warming). Measurements made at Virkisjökull in this project fit within the 

published range for this region.  

Yet increasing melt with increasing temperature is only part of the story when 

investigating the effect of glacier changes on pro-glacial river hydrology. Glacier 

hypsometry is also an important consideration.  In this study the total amount of melt 

water input to the catchment was calculated by multiplying the amount of ablation by 

the surface area of the glacier in 100 m increments. The proportion of the catchment that 

is glaciated increases with altitude. It has been found that the regions above 800 m were 

particularly sensitive both to temperature and a reduction in snow pack due to their 

gentle gradient and large surface areas. Whereas the area between 500 – 800 m did not 

contribute much melt due to the heavily crevassed ice fall.  The most sensitive areas to 

climate change were those that were directly above the 2013/2014 ELA (1200 m). If a 

large portion of the glacier lies at an elevation similar to the ELA, small changes can 

significantly affect the amount of melt water produced (Brocklehurst, 2002). In addition 

it has been found that the faster the accumulation area is reduced during climate change 

(and ELA rise) the faster the glacier terminus will retreat (Small, 1995). Therefore 

shifting hypsometry of Virkisjökull is likely to manifest in a rapid increase in the 
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volume of melt water generated from higher (above 800m) altitudes where the greatest 

mass of ice is currently situated, combined with the simultaneous reduction in melt 

water sourced from lower regions which will be rapidly reduced and comprise only 

steep gradient crevassed regions of the ice fall. 

Virkisjökull originates in the flat summit caldera of Öraefajokull. The gentle 

gradient maximises the amount of surface area exposed to melting. This area is 

currently completely snow covered year round. However the upward retreat of the 

equilibrium line altitude will considerably increase the surface area exposed to melt. 

Temperature lapse investigation revealed that if it were not for the snow layer there was 

potential for ice melt to occur up to the summit of the ice cap. This makes Virkisjökull 

especially vulnerable to a reduction in winter snow accumulation. For this reason 

further research on the yearly variation on snow accumulation on the Öræfajökull 

summit would be of great interest. 

8.3 Rainfall variability in Icelandic catchments 

In this study precipitation data recorded by the Virkisjökull catchment weather stations 

from 2012 were found to be unreliable. It was considered acceptable to substitute this 

data with records from the IMO operated weather station at Kvisker. Most weather 

stations used by IMO in their research into mountain catchments are situated in the 

lowlands. In this study the data was not directly used to model but as a comparison and 

for ‘spin-up’ of the WaSiM model. The data was not used as a direct substitute for 

precipitation at Virkisjökull because values can be highly variable between mountain 

catchments, even in the same region. For example, precipitation lapse rates recorded at 

Virkisjökull were found to be +0.19 mm per 100m in 2013 and +0.15 mm per 100m in 

2014 (resulting in difference of 3% total precipitation between the two years). The value 

applied to distributed hydrological modelling for the entire South Vatnajökull region 
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was +0.0497 mm per 100m (Guðmundsson et al., 2003) and +0.2mm per 100m for the 

whole of Iceland in another study (Jóhannesson et al., 2006). Therefore the values at 

Virkisjökull more closely matched the countrywide lapse-rate average than the lower 

values set for the Vatnajökull region. This is surprising as the SE is known to be one of 

the wettest regions in Iceland. East of Oræfajökull, precipitation can reach 1000 mm y-1 

(Bradwell et al., 2013). This highlights the value in citing catchment specific weather 

stations. Applying the S. Vatnajökull value to the Virkisjökull catchment would have 

resulted in a large underestimate of runoff results. However a high variability of rainfall 

at all altitudes means that a constant lapse rate falls short of providing a high level of 

accuracy and therefore models that apply a standard lapse are misrepresenting the 

variability of small mountainous catchments in Iceland. The total yearly rainfall at 

AWS1 was 2027 mm, whereas the Iceland average is reported to be 1650-1800 mm y-1. 

Some temperature index models also include precipitation observations (and estimates) 

from nearby meteorological stations (Andreassen et al., 2006; Radic & Hock, 2006). 

These are computerised using horizontal and vertical precipitation gradients. The 

sensitivity of glacier mass balance to a 10% increase in precipitation in Iceland is 

anticipated to be much smaller in comparison to a comparable increase in temperature 

(Fenger, 2007). Future precipitation changes in SE Iceland are expected to be small and 

so it can be expected that the effect of temperature increase will dominate hydrological 

changes. A study on the sensitivity of the mass balance of maritime glaciers in Southern 

Norway supports this prediction, finding that low-lying glaciers in maritime high-

precipitation environments are more sensitive to changes in temperature and 

precipitation in comparison to high elevation glaciers further inland (Lauman & Reeh, 

1993). However in this example a significantly greater amount of melting will only 

occur if there is an increase in precipitation of 25 – 40% per °C-1 warming and this is 

unlikely in Iceland (Fenger, 2007).   
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8.4 Snow ablation modelling 

In Chapter 4 a snow wedge model (Fitzharris & Garr, 1995; Evans et al., 2008) was 

used in combination with photographs to generate the total snow accumulation and melt 

contribution to the catchment. It was found that a degree day factor for snow of 3.45 

mm °C d-1 was the most appropriate to use at Virkisjökull. Previous studies have used 

degree day factors of 4.45 (Jóhannesson et al., 2007), 5.5-6.5 (Evans et al., 2008) and 

4.98 (Jóhannesson et al., 2006). Therefore according to this study there is less snow 

melt per degree of temperature rise at Virkisjökull than in comparison to the Iceland 

average and common values found in other catchments. 

8.5 Sensitivity of meltwater runoff to changing ELA 

This section discusses (1) the role of hypsometry in meltwater production and (2) the 

hydrological implications for the downstream catchment. The results of the ablation 

analysis showed that a significant increase in melt water is likely under future short-

term climate projections (an increase of 43% for a 2°C warming). Under current 

conditions a 1 °C warming will increase ice surface lowering by approximately 8.5 mm 

d-1 at 200 m elevation and a 2 °C warming by 14 mm d-1 (Fig.8). The greatest changes 

will occur on the lowest reaches of the glacier between 200 - 400 m elevation. This 

translates as 37% more melt available for river flow for a 1 °C warming and 43% more 

for a 2 °C warming (Fig. 9). As higher temperatures will increase specific melt rates, 

they will also cause the spring snowline to retreat more rapidly, demonstrated by the 

results of the 2014 bulk meltwater input modelling (Fig. 6). 

The study highlights the importance of glacier hypsometry as a determinant of the 

spatial pattern of meltwater production, which will change as glacier morphology alters 

during retreat. In general, where a large proportion of glacier area lies at an elevation 
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close to the ELA, modest year-to-year ELA variation will significantly affect the 

amount of melt water produced (Brocklehurst, 2002). The first-order control on 

hypsometry is the underlying bedrock topography, which determines where the glacier 

flows over steep or gentle terrain. Consideration of mass continuity means that slow 

flow on gentle gradients will result in a wider glacier, and more rapid flow on steep 

terrain will narrow the glacier. In the case of Virkisjökull, this occurs as a crevassed 

icefall between 500 and 1000 m elevation, linking a broad accumulation zone with a 

gentle, wide lower tongue. Many Icelandic glaciers have (or recently had) this basic 

form since their Little Ice Age (LIA) maxima in the 17th to 19th Centuries. The locations 

of ELAs relative to the icefalls is a significant determinant on glacier sensitivities to 

mass balance change, and explains why some glaciers experienced lower climatic 

sensitivity during the LIA than others (Dugmore 1989; Kirkbride & Dugmore 2008). 

When ELAs are located in steep icefalls, the accumulation area ratio is relatively 

insensitive to a unit change in ELA. The converse is true when ELAs lie on gentle 

surfaces, when a relatively small increase in ELA will transform a relatively large area 

of former accumulation zone into ablating ice by the late summer. 

The total amount of melt water input to the catchment was calculated by 

summing the products of mean specific surface melting and surface area for 100 m 

elevation bands. Meltwater production above 800 m elevation is particularly sensitive to 

increasing temperature and to reduced snow cover, due to the prevalence of gentle 

gradient and large surface areas on the summit ice cap. In contrast, the 500 – 800m band 

contributes proportionately less meltwater due its narrow, steep ice fall.  The area most 

sensitive to climate change is directly above the 2013/2014 ELA (1200m). The faster 

the accumulation area reduces by a rise in ELA, the faster the glacier terminus will 

retreat as mass flux reduces. The hypsometry of Virkisjökull preconditions the glacier to 

supplying a rapid increase in the volume of melt water generated from high (above 
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800m) altitudes, combined with a simultaneous reduction in melt water sourced from 

the retreating lower regions. Within several decades, mass flux below the ELA may 

only be able to sustain a terminus close to the base of the present ice fall at c. 500 m 

elevation. 

Projections of ELA rise on Virkisjökull give an indication of the high sensitivity 

of similar glaciers with gentle accumulation zones above steeper tongues. The gentle 

gradient of the summit caldera of Öræfajökull is currently snow-covered year round. 

The upward retreat of the equilibrium line altitude will increase the area surface 

exposed to melt considerably. In 2013 and 2014 the ablation zone was bounded by an 

ELA at 1200 m. Extrapolation based on temperature lapse rate shows that above-

freezing air temperatures occur up to the summit of the ice cap in summer. This makes 

Virkisjökull especially vulnerable to a reduction in winter snow accumulation. To test 

the effect of a rise in ELA on melt-water production, an increase in the ELA from 1200 

m to 1300 m is simulated to calculate the effect on ice melt using the current glacier 

topography. The outcome is an increase in total melt-water input into the catchment 

between May and September of 13.4%. A further rise in the ELA would generate c. 5% 

more meltwater per 100 m shift, until the summit ice cap was reached. Conversely, a 

fall in the ELA of 100 m would reduce the contribution of ice melt by 9% (Fig. 10). All 

values are calculated assuming a constant ablation, temperature lapse rate, and 

hypsometry: the only variable is the position of the late summer snow line. The aim is to 

understand the sensitivity of meltwater input into the catchment due to variations in 

ELA, rather than to predict its future position at specific times. However, ELA rises of 

this magnitude have occurred in the past (Caseldine & Stötter, 1993). Annual shifts of 

ELA by 100 m have been predicted to occur in the coming decades by numerical glacier 

models over the Vatnajökull icecap (Aðalgeirsdóttir et al., 2002). 
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From this two things can be concluded. First, the glacier is at present in a critical 

state in which the greatest increase in melt may take place within the next few years. 

This is likely to occur even if there is only an increase in the altitude of the late summer 

snowline by 100 m, due to the extent of low-gradient surfaces just above present ELA. 

This increase in the upper ablation zone will probably outweigh the effect of decreasing 

ablation surface area caused by terminus retreat, because the lower tongue is narrow. 

Second, it is likely that an ELA rise of c.100m has already occurred previously at 

Virkisjökull based on the reconstructed late-19th Century glacier extent (Bradwell, 

2013). This rise occurred within the icefall sector of the glacier, and so changes in river 

flow regime in the 20th Century were less than those which will probably occur in the 

21st Century. At year-to-year timescales, higher positions of the late summer snowline 

are likely to have been linked to higher river flows, though no monitoring of Virkisá 

was made prior to this study.  If glacier hypsometry is known, data collected on the 

interannual variability of the ELA will enable useful predictions of river discharge to 

assist with river and catchment management. 

8.6 Proglacial fluvial regime 

 

This study has investigated how higher snowlines will influence meltwater runoff from 

Virkisjökull and has found that its particular hypsometry sensitises the glacier to a phase 

of dramatic short-term runoff increase as terminus retreat lags behind rising snow line.  

Variability in pro-glacial river discharge between 2013 and 2014 cannot be explained by 

variations in precipitation alone (Fig. 7). Rapidity of through-flow due to the 

unconsolidated catchment moraine materials indicates that the sustained high base flow 

observed in late summer to winter of 2014 cannot be due to rainfall alone. Warmer 

temperatures in 2014 and a lower snow accumulation over the preceding winter have 

created a lag that results in the prolonged high flows extending beyond the ablation 
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season. The reduction in glacier snow cover on the large flat high altitude bands has 

contributed a large proportion of melt water to the measured catchment runoff in 2014. 

The years 2013 and 2014 show contrasting annual hydrographs. 2013 is given the 

description in this study as a ‘Type 1’ hydrograph that is typical of a sub-arctic maritime 

glaciated catchment (Fig.11). This pattern shows low spring and autumn flows with 

some notable high flow events that can be attributed to periodic snow melt due to high 

temperatures and occasional high rainfall events. Type 1 is the pattern that has been 

observed in river discharge records typically throughout the 20th century in the south 

east of Iceland. In contrast 2014 displayed a different pattern and is given the 

description in this paper as a ‘Type 2’ hydrograph. This is an annual river flow pattern 

that demonstrates high spring and autumn flows yet does not include an increase in mid-

summer meltwater runoff from the ablation zone. Fig. 10 compares these hydrograph 

types and highlights the difference between the two years. The time of year where the 

river flow is likely to change most dramatically with a reduction in winter snow storage 

and a rapid snow line retreat are the spring and autumn seasons (Figure 11B). This 

change is connected to the glacier hypsometry. As the glacier moves towards a new 

equilibrium with its climate in the coming decades, the difference in discharge between 

summer and the rest of the year will reduce as the ice margin collapses and melts back. 

Until it reaches this state it is anticipated that there will be a period of transition where 

the catchments’ annual hydrograph displays the Type 2 pattern. 

  It can be argued that if 2013 can be assumed to represent, at least approximately, late 

20th century glacio-hydrological conditions, then 2014 may represent 21st century 

conditions as a result of the higher snowline. The two annual hydrograph types suggest 

what changes in flow regime are likely to develop in the next decade, as the frequency 

of the Type 1 low- snowline regime reduces to be replaced by a greater frequency of 

Type 2 high-snowline regimes. 
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These changes will have an important impact on the proglacial zone and potentially the 

management of glaciated catchments in the near future.  As the glacier adjusts to 

climate change it will provide a higher discharge during the spring and late summer for 

a number of years as the glacier either finds a new equilibrium or disappears entirely. 

As a consequence the hydrological regime and annual inflow volume is expected to 

change (Terrier et al., 2011). In other catchments in Iceland a similar effect could have 

significant consequences for the hydropower industry which relies on a stable and 

predictable recharge. At Virkisjökull the consequences for transport infrastructure may 

be more significant due to the proximity of the main road network (Route 1). Similarly 

elsewhere glaciers in northwest British Columbia and southwest Yukon have lost mass 

predominately through thinning with relatively slow rates of terminal retreat and this 

has resulted in glacier-fed streams showing increasing flows (Moore et al., 2009). In 

addition to hydrological and geomorphic changes associated with glacier retreat, studies 

have shown that it can also result in increased stream temperatures (Brown et al., 2006), 

increased sediment fluxes (Jansson et al. 2005) and changes in water chemistry which 

can negatively impact hydro-ecology, especially in areas with cold-water species such 

as salmonids  (Moore et al., 2009) . A shift from Type 1 to Type 2 hydrographs 

provides a warning that conditions on the glacier and in the stream flow are shifting and 

this is the result of increased ablation which is intimately tied to the individual 

hypsometry of the glacier as well as temperature increase and upward migration of the 

ELA. 

 

8.7 The glacial drainage system  
 

The results of this study allow conclusions to be drawn about the connection between 

the location of moulins and the main drainage system as a result of the glacier structure.  

GPR indicates that the lower part of the glacier is characterised by a well-developed, 

structurally influenced, interconnected drainage system. This system extends up to 30 m 
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from the clean ice margin, and its lower part is now slowly being covered by outwash as 

it becomes part of the proglacial area. These results indicate that the conduit system is 

connected to a structural system within the glacier that can be easily accessed by large 

moulins. Indeed moulins on Virkisjökull are observed in association with down ice 

dipping faults on the eastern arm of the glacier (Philips et al.., 2013; 2014). These 

features are concentrated along a north-south line on the eastern side of the glacier and 

the GPR and tracer testing data suggest that these feed directly into a north-south 

flowing main conduit draining beneath the glacier.  Gulley et al. (2012b) suggest that 

moulin locations, determined by the location of supraglacial streams and crevasses, 

control the location of subglacial recharge. It is not possible to estimate the number of 

conduits in this small survey area, but GPR shows that the drainage is tied to the glacier 

structural collapse features which suggests that melt water flow is likely to be very 

efficient and interconnected. How far this system propagates up-glacier is unknown, but 

large moulins are present higher up the glacier, suggesting that the main drain is likely 

to extend to the altitude of the ice fall at 400 m asl. 

There was no apparent glacial outlet for the western arm of the glacier.   Dye tracer tests 

into moulins on the western side were inconclusive. This suggests that there is a 

proportion of the melt water from the glacier catchment which remains unaccounted for 

and does not exit the glacier from the visible pro-glacial stream that emerges from the 

terminus on the eastern side. The amount of water observed in this terminus outlet 

stream appears to be substantially less than the amount of water in the outlet channel 

from the lake, although it was not safe to measure the discharges in these channels. This 

suggests that the drainage from the western arm of the glacier may be connected directly 

to the buried ice in the proglacial area through active conduits within the dead ice, 

which resurface at discrete points in the lake area. However there is no current evidence 

of artesian upwellings within the proglacial area at Virkisjokull, as have been observed 
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at neighbouring Skaftafellsjökull and Svínafellsjökull (Tweed et al. 2005). Therefore 

there is an efficient conduit draining the eastern arm (which is identified through 

observations and dye tracing) and there may be an additional major conduit draining the 

western side which has not yet been located. 

8.8 The proglacial foreland drainage system  
 
 

The pro-glacial foreland at Virkisjökull is a formally glaciated, ice cored region that 

currently comprises a series of down-wasting glacial features, braided melt water 

channels and an extensive lake area. This region has very recently been exposed, with 

the lake area only forming within the last 10 years. In common wih other ice-proximal 

areas in Iceland, the foreland at Virkisjökull is a rapidly evolving and dynamic region 

(e.g. Staines et al. 2015). Despite this, the pro-glacial buried ice appears to have 

retained its main melt water conduit enabling rapid transport of glacial melt water 

through the pro-glacial area.  

The GPR data from the proglacial area demonstrate the presence of an extensive mass 

of ice buried beneath 1-2 m of outwash sands and gravels. Cavities and conduits are 

evident within the buried ice, and a more significant drainage route is also present 

indicated on the surface by the presence of collapse features. 

 

The tracer test demonstrates that drainage is via a channelized system.  Water emerging 

from the Virkisjökull glacier snout rapidly sinks into the buried ice in the foreland via a 

large kettle hole and flows through a conduit system in the buried ice to re-emerge 

within the large proglacial lake.  The tracer test indicates a point input into the lake 

rather than a diffuse input.  The rapid velocities indicate that once meltwater has 

emerged from the conduit system into the lake, the flow remains channelized, and 

dispersion into more stagnant areas of the lake is minimal.  The main melt-water flow 
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exits the foreland through the western side of the lake outlet channel suggesting that the 

sub-glacial conduit also discharges on the west side of the lake.  A flowing “channel” is 

visible moving through the west side of the lake, which is presumably fed by the main 

drainage conduit.  However, the conduit outflow is not apparent, and may originate in 

an inaccessible area of the lake. 

The GPR profiles of the proglacial area demonstrate that this region is associated with 

collapse features and void spaces as well as conduits. The lake extends over a large 

area, and many parts of it have no apparent flow but provide substantial storage of water 

from the glacial catchment.  The flow of the Virkisá (the proglacial river) is therefore 

predominantly influenced by the channelization of flow within the proglacial lake area. 

The east side of the lake outlet channel has a strong flow and yet dye was not detected 

here during the proglacial test.  This could be because the water on the eastern side of 

the lake originates from another conduit system discharging from the western side of the 

glacier. If all the water originates from the main conduit system it may be that some of 

the water from this system is dispersed into the lake.  

 The GPR and dye tracing results from the pro-glacial lake suggest that there is an 

efficient conduit within buried ice in the proglacial area. This conduit may be the 

remains of the original sub-glacial conduit that has been buried in the foreland after 

terminus retreat. Rapidly retreating glaciers can produce a transitional environment (Fig. 

8.1).  This transitional environment may form due to the slowing of glacier ice 

movement during deglaciation. Glacier stagnation can be linked to the drainage system 

(Gulley et al.., 2012b). Conduits with an efficient hydraulic capacity can drain surface 

meltwater more efficiently and thereby decrease subglacial water pressures and glacier 

sliding (Mair et al.., 2002; Anderson et al.., 2004). This results in the collapse of the 

distributed conduit system (which has a low hydraulic capacity) and leads to the 
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collapse of flow into an integrated network of conduits (Kamb, 1987). Ice can then be 

buried by the accumulation of debris transported from higher reaches where ice is still 

flowing as a result of the steep gradient of the ice fall (Fig. 8.1 (1)). The remains of 

active channels that exploit planes of weakness in the ice begin to collapse due to being 

closer to the surface and covered by only a thin layer of ice and sediment. This exposes 

the water moving through the area (Fig. 8.1 (2)) and a lake begins to form where 

ponding of water and the formation of surface pools occur (Fig. 8.1 (3)). The current 

catchment proglacial region has a surface river that originates subglacially and can sink 

back below buried ice into a conduit that was formerly connected to the active glacier 

system. This conduit connects to the lake that formed as a result of the collapse and 

decay of the ice on the far side of the proglacial area (Fig. 8.1 (4)). In this study the 

observed main englacial conduit found at Virkisjökull is discussed but this does not 

supersede the existence of a higher complexity of meltwater pathways which have 

formed in a similar manner within the ice cored foreland.  

Buried ice is observed in other places in Iceland through geo-electrical resistivity 

surveys carried out at recently deglaciated sites (Everest & Bradwell, 2003), and  has 

also long been observed in other parts of the world (French & Harry, 1990 ; Evans & 

England, 1992).  At Skeiðarárjökull, Kötlujökull and Hrútarjökull in Iceland, areas of 

buried ice are thought to have persisted in a stable condition for 50 - 200 years as 

photographic and lichenometric evidence suggest that the overlying debris has remained 

relatively stable indicating very slow melting (Everest & Bradwell, 2003; Kjaer & 

Krüger, 2001).  Yet until now the movement of water though these areas has not been 

considered and how this influences the connectivity of the catchment discharge 

processes.  Buried ice is characterised by many surface collapse features. GPR in this 

study has indicated voids and conduits within the buried ice at shallow depths. These 

present a significant hazard to persons and infrastructure in rapidly deglaciating 
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catchments, particularly following high flows that can undermine the structural integrity 

of buried ice conduits.  

 

Figure 8.1: Diagrams showing conceptually how rapidly retreating glaciers produce a transitional 

environment and how they evolve and change.  In the first stage of deglaciation the slowing of the 

glacier ice results in unmoving (stagnant) ice at the terminus of the glacier that is subsequently 

buried by the accumulation of debris transported by the active glacier margin. Meltwater is input 

into this system from moulins and conduits remain active in the stagnant ice (1).  The remains of 

these active conduits within the buried ice will then begin to collapse to expose water moving 

through the proglacial buried-ice area (2). This process allows the formation of a proglacial lake 

that sits upon ice as the active glacier margin continues to retreat (3). The unmoving buried ice is 

insulated from rapid melting by the accumulation of debris. In the final stage (currently observed 

at Virkisjökull) the collapse of the active ice margin has exposed an en-glacial conduit. The 

meltwater, rather than flowing across the surface, exploits a collapse feature within the foreland to 

sink back into the conduit system within the buried ice to resurface within the newly formed pro-

glacial lake system (4). 



262 
 

8.9 The catchment hydrograph and discharge record 

A combination of a high and warm autumnal rainfall on a fully exposed and still active 

ablation zone together with the rapid movement of water through fully open and 

efficient melt water conduits create a rapid and high peak flow. Therefore enhanced 

summer melt may not only increase the total amount of melt water but also the 

occurrence of flood events.  Rainfall on a larger ablation area (and conduits remaining 

active and efficient though out the year) may result in high flows becoming more 

commonplace. This is an important consideration in the management of such glacier 

controlled rivers. In addition the greater exposure of soil and permeable rock surfaces 

that used to be covered by the glacier may increase the catchment storage, thereby 

reducing the peak flood flows.  

The difference between the lag time of rainfall and melt water observed in chapter 4 of 

this study could be due to the more direct route through the catchment that glacier melt 

can take. Far from being slowly distributed into the lake via the groundwater, the peak 

melt is channelled by relict conduits directly into the far western side of the lake, which 

enables the river to be very responsive to the melt peak. Alternatively a rainfall event 

that falls in a distributed manner over the entire catchment must make its way to the 

river through a variety of pathways. A catchment with a smaller glacier may therefore 

exhibit a shift towards a greater lag to peak discharge. This is because; firstly the water 

may have to travel further over land before reaching the lake area (providing 

possibilities of loss to groundwater and storage in the soil); and secondly rainfall events 

of a similar size may also have a greater lag time due to the lack of glacial conduits 

which the rainfall on the ice can exploit. Rainwater will also have increasing losses into 

groundwater through the area formerly covered by the retreating ice. A significant 

control on the lag time and flood risk (Ettrick et al., 1987) is the antecedent conditions 
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within the catchment and the stage of development of the glacial conduits (Nienow et 

al., 1998). However there is no evidence to suggest that the lag time gets  significantly 

shorter as the season goes on suggesting that further conduit development is either not 

occurring in this year or that there is another mechanism that explains the lag between 

peak melt and peak discharge variations. This could be explained by the amount of 

water that is already in the system, especially within the lake. A high lake level after 

several days of high melt or rain may enable the river to rise more rapidly to an event 

due to a 'pressure wave' of water input  to the area. This means that the water flowing 

out through the channel is not necessarily the water that has come from glacier melt but 

water that has been displaced by the introduction of glacier melt to the system.  

A significant part of the BGS glacier monitoring project at Virkisjökull has been 

concerned with monitoring the groundwater resources in the sandur area. This has 

allowed the connection between the groundwater and the meltwater river (Virkisá) to be 

assessed. The sandur, glacier and pro-glacial deposits are highly permeable according to 

tests conducted with a Guelph permeameter in 2012 by the British Geological Survey.  

The deposits are 50-100m thick and comprise poorly consolidated heterogeneous 

material.  It has been found that the groundwater at Virkisjökull is activity coupled to 

the melt water river, yet not directly connected to the glacier bed. This opens up the 

possibility that the groundwater can act as a buffer to changes in meltwater river 

discharge with glacier reduction scenarios.  The area most closely connected to the river 

flow is 50-150m away from the channel and the highest losses to groundwater from the 

river occur during the summer months resulting in a higher summer groundwater level 

in comparison to the winter. In this way the system differs significantly from seasonal 

patterns observed in temperate regions. However beyond this zone the influence of the 

river on the groundwater diminishes, with only rainfall events resulting in a variation in 

groundwater level. The groundwater level shallows with distance from the glacier and 
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by 2km downstream base flow is provided to the river from groundwater springs 

throughout the year. Therefore groundwater may have a regulating effect on the river 

flow during glacier retreat.  This provides an explaination for the maintainence of river 

flow during periods of low temperature, when there is minimal ice or snow melt. During 

hydrological modelling it was suggested that continuous glacier retreat could lead to a 

sharp reduction in the river baseflow and it could be expected that the river may run dry 

during certain times of the year. Although this may occur high on the sandur, further 

from the catchment it is likely that there will always be springs feeding the river. In the 

future the relationship between the river and the groundwater may change as a result of 

glacier melt. Yet the aquifer will remain significant due to large rainfall collection and 

highly permeable nature of the sediment.  Concerns have been raised in other studies 

that glacier reduction could negatively impact on the availability of groundwater 

resources (Fraser, 2012). Studies at Virkisjökull suggest that it could have an opposite 

effect providing water during times of scarcity and recharged mainly from precipitation. 

However more work needs to be done to confirm this. 

8.10 WaSiM modelled results 

In this thesis a distributed hydrological model was used (Chapter 7). The choice of 

model and its applicability to the Icelandic environment was important. As mentioned in 

the literature review (Chapter 4) WaSiM has been used extensively in Iceland to predict 

changes in river flow under climate change scenarios mainly at a countrywide scale 

(Bergström et al., 2007; Jóhannesson et al., 2007; Rummukainen et al., 2006). The 

main purpose of these studies is to project future changes in hydropower production 

potential (Jónsdóttir, 2008; Þórarinsdóttir, 2012). Minimum data requirements for these 

modelling studies were used; these are time series of precipitation and temperature and 

static distributed grids of topography, land use and soil properties. However these 
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studies do not benefit from three catchment weather stations.  Meteorological stations 

are few in Iceland and precipitation is presumed to be greatly underestimated, 

particularly during periods with high wind speed and periods of heavy snow 

(Haraldsdóttir et al., 2011; Jónsdóttir, 2008). However it has been shown in Chapter 4 

that it is difficult to predict distributed precipitation especially from weather stations 

outside the catchment in mountainous regions. Three catchments have been studied in 

detail by IMO for changes in discharge with climate change scenarios. These are 

Dyjandisá in the northwest, Sandá River in Þistilfjörður in the northeast and Austari-

Jökulsá a 10% glaciated catchment in the central highlands (Þórarinsdóttir, 2012). 

Given the importance of glaciers in generating runoff in Iceland particularly in the south 

east there are no individual outlet-glacier catchment studies in this area, rather work has 

focused so far on large scale studies of runoff from the whole of Höfsjökull, Langjökull 

and the Vatnajökull ice-cap (Aðalgeirsdóttir et al., 2006). Modelling at Austari-Jökulsá 

did not include glacier measurement fieldwork and so results generated by WaSiM for 

runoff in this catchment relies on calibrated degree day factors and temperature 

thresholds that have not been informed by fieldwork.   Applying a country-wide average 

of glacier controlled parameters such as degree day factors, lapse rate and temperature 

thresholds throughout Iceland misses individual catchment variability and these slight 

changes may have a large effect on the generated results (as mentioned in the previous 

section). These parameters have been informed in other studies in Iceland to date by a 

calibrated glacial mass balance model with data from the Hofsjökull ice cap using 

meteorological data from one nearby weather station (Thorsteinsson et al., 2006). 

Previous calibrations of WaSiM for glacier covered areas have simply used the 

parameters estimated by Thorsteinsson et al. (2006) and they have been allowed to 

adjust to fit the measured runoff.  However it has been shown in this study that runoff 

generated by the WaSiM model is extremely sensitive to changes in degree day factor 
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for ice and temperature thresholds at Virkisjökull. These factors vary between 

catchments.  This extremely high sensitivity of runoff to the degree day factor for ice 

has not been discussed before in publications that use WaSiM in Iceland. The use of 

unmeasured degree day factors may bring significant uncertainty to modelled future 

runoff scenarios. 

When using the degree day model to calculate ablation, an average degree day factor 

(DDFice) of 6 was calculated based on field measurements. This value is within the 

range observed throughout Iceland. However when it came to calibrating the model a 

set DDFice of 6 resulted in a poor calibration. A range between 4 and 8 was allowed 

within which the model could adjust to get the best fit. Indeed it is often not possible to 

estimate the parameters of models at all either by prior measurement or estimation. 

Attempts to do this have in previous studies resulted in unsatisfactory calibrations even 

with intensive measurements of parameter values (Beven, 2001; Refsgaard & Knudsen, 

1996; Loague & Kyriakidis, 1997). Even estimations of feasible ranges of parameter 

values can result in predictions that are wide and do not encompass the measured 

responses for the whole period of measurement (Bathurst et al., 2004).  This means that 

in order to calibrate the model, even measured data must sometimes be calibrated. This 

is one of the main criticisms of physically-based models, which have been sold as an 

improvement over lumped conceptual hydrological models (Grayson et al., 1992). Yet 

it has been shown repeatedly that within reasonable uncertainty levels, physically-based 

distributed models are able to represent catchment runoff well and are fit for predictive 

modelling (Bathurst et al., 2004). So why do measurements of important catchment 

parameters pertaining to glacier melt not match the values calibrated by hydrological 

modelling at Virkisjökull and does this undermine the value of the predicted runoff 

scenarios?  Simulated runoff data relies on the quality of the hydrological model, input 

climate data, calibration and also the quality of the measured discharge series (which in 
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turn depends on the rating curve) (Þórarinsdóttir, 2012). Each of these steps introduces 

error for which the model will compensate during calibration by adjusting the parameter 

with the most influence on the modelled runoff; in this case the degree day factor.  In 

order for the model to be functional, it must be assumed that the measured hydrological 

data is correct whereas all other catchment processes can be adjusted to fit it. 

Difficulties at Virkisá resulting from the individual catchment characteristics, the 

climate in the sub-arctic and even un-anticipated river-engineering could be the cause of 

this calibration issue. These are issues that are recognised within the hydrological 

monitoring community in Iceland (Atladóttir et al., 2011). However to attempt to 

correct this may serve only to add another layer of uncertainty to the simulation. Often 

the river runoff is one of the best constrained aspects of catchment studies (Beven, 

2001) and methods used for Virkisá (Black et al., in press) suggest that this project is no 

exception. Further error can be introduced by the resolution of the model (50 m2 at 

Virkisjökull) which creates incongruity in the definition of the catchment boundary 

resulting in small errors in discharge simulations. However at Dynjandísa River the 

catchment resolution was 1 km2 when using WaSiM and the small resultant error was 

easily accepted as an unavoidable uncertainty in the discharge simulations 

(Þórarinsdóttir, 2012). 

Investigation into the behaviour of the proglacial foreland has demonstrated that the 

behaviour of this area is analogous to a braided river channel as a result of buried ice 

conduits (Chapter 5). Water moves rapidly through this area despite lakes being known 

to be regulators of river flow and providing catchment storage (Singh & Singh, 2001). 

The extent of similar environments at the margins of ice-sheets and glaciers in Iceland is 

unknown yet it is known that glacier ice can survive beneath debris for many years 

(Sharp, 1949; Murton, 2000; Everest & Bradwell, 2003). Yet the presence of extensive 

buried ice in the foreland may alter the anticipated river response under climate change 
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scenarios. At Virkisjökull the buried ice environment is masked by the presence of a 

pro-glacial lake. Therefore the lake-module within WaSiM was removed in this study as 

it does not represent the true catchment behaviour and skewed the calibration. This 

understanding could not have been applied to the model had there not been extensive 

fieldwork conducted in the area. Models can efficiently predict future scenarios by 

taking into account a complex array of factors in a short amount of time; however they 

cannot be a substitute for hydrological knowledge and field investigations (Beven, 

2001). Regions in Iceland where buried ice is present could be mapped by identifying 

formerly glaciated forelands with topography indicating buried ice (Kjӕr & Krüger, 

2001) thus improving the land-cover classifications for distributed modelling. As buried 

ice melts the lake basin will deepen potentially increasing the storage in the catchment. 

Estimating the timescale of this change would require further modelling scenarios based 

on field measurements of buried ice melt in the foreland. However it is theoretically 

possible that there could be a further stage to the evolution of Virisá’s discharge 

hydrograph. During and after glacier retreat there will be a phase of buried ice collapse 

in the foreland which will result in new hydrological connections in the catchment and 

have a specific impact on the seasonal discharge patterns. 

Despite the difficulties there is a distinct advantage to conducting a hydrological model 

at a catchment scale if the model has an acceptable degree of uncertainty. The IPCC 

(2009) report that observed warming over several decades has been linked to changes in 

the catchment hydrological cycle, including significant decreases in water storage in 

mountain glaciers and Northern Hemisphere snow cover. The problems that will be 

encountered as a result of these changes will be catchment-specific including seasonal 

runoff shifts in water supply and flood risks.  Cumulatively these catchment-specific 

issues can have a great effect on the resilience of whole countries to climate change 

(IPCC, 2009). There can be large measured differences between hydrological responses 
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in different catchments particularly in glaciated mountainous regions (Horton et al. 

2006).  However changes in an individual catchment cannot be accurately implied from 

a broad countrywide modelling project; although some have attempted to do this by 

producing mean daily values of runoff for zones that are based on the division of the 

country by hydrological properties (Einarsson & Jónsdóttir, undated). It is not feasible 

to study in detail every glacier catchment in a county for reasons of time and money. 

Merz & Blöschl (2004) simulated the water balance dynamics of 308 catchments in 

Austria and found that although applying parameters fitted to the model from one 

catchment to another resulted in a small decrease in simulated runoff efficiency (when 

analysed using a Nash-Sutcliffe coefficient), the magnitude of the decrease in efficiency 

was related to the spatial proximity of one catchment to another. This suggests that 

results at Virkisjökull may be helpful in predicting changes at a catchment-scale in 

neighbouring areas in the SE. Yet an increased degree of uncertainty and error will have 

to be accepted when using these findings to plan mitigation or adaption strategies.  

The fit of the model at Virkisjökull compared well to other studies of a similar scale 

(Þórarinsdóttir, 2012). Although it is right to be cautious of predicting future events 

based on four years of data collection, the results make interesting comparisons to 

global predictions that have already been made and they can be used to discuss the kind 

of changes that can be expected in similar environments. Firstly in comparison to other 

studies in Iceland, changes are expected to be at a greater magnitude at Virkisjökull than 

previously predicted. For example in a study by Johannesson et al. (2007) increases of 

temperature by 2.8 °C and 6% precipitation result in an increase in discharge of 25% 

over the whole of Iceland and 25-50% over the whole Nordic region. At Virkisjökull the 

same climate changes result in an increase in discharge by 43-56% according to 

WaSiM. This difference is likely to be a result of the Virkisjökull catchment comprising 

60% glacier cover whereas glacier cover over the whole country is only 11%. However 
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it suggests that increases in discharge in the SE of Iceland  will be at the higher end of 

those predicted for the Nordic area, supporting suggestions that the area that will be 

most affected by changes is the Vatnajökull Icecap. Results of modelling at Virkisjökull 

also suggest the changes in this area could be large compared to other catchments 

globally. When the glacier is reduced to 50% of its current extent (with the climate 

changes described above) there is anticipated to be a -37% decrease in discharge. A 

50% glacier reduction is anticipated to occur in the Nordic region by 2100 

(Thorsteinnsson et al., 2013). Whereas by comparison to other regions in the world by 

2046-2065 there is anticipated to be a smaller water supply reduction of -8.4% (Upper 

Indus), -17.6% (Ganges) and -19.6% (Brahmaputra) (Immerzeel et al., 2010).  In 

Scandinavia as a whole the effects of glacier reduction is likely to lead to increased 

inflow to reservoirs of 12% between 2010 and 2020 (Styve et al., 2011). Therefore in 

Iceland, in common with other regions, meltwater discharge is likely to increase up until 

a 50% glacier reduction after which melt waters will dramatically reduce. However the 

timescale for these changes is not well constrained (unknown at Virkisjökull). Therefore 

whether changes will result in an improvement to hydropower provision is difficult to 

predict and any future developments in this area are subject to considerable uncertainty 

in the longevity of its water resource. 

However it is not possible to directly apply the results generated at Virkisjökull to other 

regions of the world. For example at Virkisjökull discharge varied more with 

temperature changes that with precipitation increase regardless of the extent of glacier 

cover. In a catchment in North America is has been observed that precipitation change 

is as important as temperature change in determining the water balance (Rouse et al., 

1997). In some parts of the Himalaya increased rainfall is likely to actually compensate 

for the decrease in snow and glacier melt (Immerzeel et al., 2013), whereas there is no 

indication of this effect occurring in Iceland. In fact it was found at Virkisjökull that 
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higher precipitation with no corresponding increase in temperature actually results in a 

reduction in annual discharge due to increased snow fall and storage. 

Both modelled and measured results suggest that the extent of seasonal snow cover can 

have a large effect on the monthly distribution of discharge at Virkisjökull in the short 

term and the overall annual catchment discharge in the long term. This effect has been 

found to occur in the North Cascade Mountains of Washington State where the peak of 

river flow occurs one month earlier due to changes in snow cover (Fountain & 

Tangborn 1985; Barnett et al. 2005, 2004). This effect is reduced at Virkisjökull as the 

glacier cover percentage in the catchment shrinks. Therefore the catchment is most 

sensitive to either a reduction or increase in precipitation at its current extent due to the 

insulating properties of snow on ice. The largest changes in river runoff as a result of 

climate change could be expected in the next decade prior to further glacier reduction. 

In Iceland snow cover is expected to decrease from 7 to 3 -5 months per year (Einarsson 

& Jónsson, 2010b). Research from other parts of the world indicate the effect that this 

may have. For example the snowmelt peak flood has advanced in Siberia and Yukon 

from June to May. This is believed to be caused by significant warming in spring and 

early summer in particular (Yang et al., 2002; Zhang et al., 2001). 

8.11 Future work and the significance of results 

The focus of this analysis was on the catchment scale in order to improve understanding 

of the integrated large-scale hydrological processes at Virkisjökull. The 

interrelationships between rivers with their basins through cold region processes are 

little understood. The example of the connections between Virkisjökull and the river has 

been developed and this gives an example of the complexities of cold region 

hydrological systems. It is especially important with reference to the increasing 

demands to harness rivers in Iceland and other mountainous regions for hydroelectric 
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and other purposes. Although hydroelectric developments in Iceland are concentrated in 

the northern region (Fenger, 2007) and it is very unlikely that the Virkisjokull 

catchment will ever be used for these purposes, findings at Virkisá indicate that the 

effects of glacier reduction on river discharge are significant and they can also be 

amplified by further temperature rise. It is important to model on a catchment scale for 

these effects to be properly understood. This study is therefore valuable as an example 

to the industry of ways in which a small glaciated catchment can respond to climate 

change and the unanticipated effects of glacier reduction and pro-glacial foreland 

growth on river discharge. 

This PhD project is the first time that glacial ablation rate has been modelled at 

Virkisjökull, and with the greatest detail of any of the Vatnajökull southern outlet 

glaciers. It also the first project to use a distributed hydrological model on a small 

catchment scale in Iceland to predict changes in discharge with deglaciation.  It has 

achieved several things including a detailed survey of melt rates on a Vatnajökull ice 

cap outlet to compare with ice-cap wide predictions. It has identified unexpected runoff 

behaviour through the ice-cored foreland. This is behaviour that is transitional but may 

have an influence on other similar areas in Iceland. It also argues that the catchment is 

undergoing a period of rapid change and highlights the differences between the annual 

hydrographs of 2013 and 2014 to demonstrate how future discharge can be expected to 

change in response to a milder winter with a reduced snowpack and higher summer 

temperatures. This project had successfully applied a complex distributed hydrological 

model to a small catchment with a high glacier cover and found that the model predicts 

a higher sensitivity to change than that expected for the wider Vatnajökull region. This 

project has found that in order to use distributed models, the measured values of the 

main parameters do not always match those of the model best fit, as a result of the 

increase in uncertainty and error at every stage of the complex modelling process. 
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Therefore models should be carefully validated with fieldwork in Iceland and elsewhere 

before confident inferences about future changes can be made. This is especially 

important in areas designated for hydropower development. These issues all pertain to 

the improved management of glacier catchments under climate change. Issues of the 

rapidity of glacier melt and the response of the catchment to increased runoff are all 

important in designing mitigation strategies for flooding and land use change. 

Virkisjökull itself is undeveloped but can be used as an analogy to changes in the SE 

Iceland region.  

This study adds to an important debate about how much fieldwork and effort should be 

put into data collection when results from models are acceptable. Models are often used 

in areas where data collection is difficult. Therefore being accessible, Iceland is the 

perfect laboratory for testing assumptions. But given the logistical difficulties and the 

staff required to maintain an ‘earth observatory’ site in a mountainous catchment it is 

unfeasible in less developed regions and too time consuming to be of use in rapidly 

changing environments. Effort should perhaps be focused on improving models rather 

than improving the availability of input data. It is the findings of this PhD though that in 

order to confidently state anything about changing glacier catchments minimum data 

collection on annual melt rates, snow distribution, glacier hypsometry and river 

discharge are necessary to inform models. These basic data should be achievable with a 

minimum of two fieldwork trips per year. This is achievable and would result in more 

confident model predictions and also expert field knowledge where details masked by 

the model can be uncovered first hand (as in the ice-cored foreland). 

As in all environmental research, the longer the data set the better. Continuous 

monitoring at Virkisjökull through the British Geological Survey will ensure that flood 

frequency analysis and typical discharge patterns identified here are actually 
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representative of the catchment behaviour and not a result of a short period of atypical 

behaviour.  This could also be achieved partly through the analysis of other rivers in SE 

Iceland. Recent changes in their behaviour would indicate whether patterns identified at 

Virkisjökull were indeed catchment specific. This would require careful integration of 

large datasets from IMO. 

Further work could be done to activate the dynamic glacier module in WaSiM which 

was avoided in this study due to the required high processing power. To enable this 

aspect of the model would require a computer with large processing power such as the 

BGS cluster computer. In order for this to run, a detailed knowledge of linux 

programming would be necessary.  It would also be beneficial to expand the GPR 

surveys of the ice so that an ice bed DEM could be constructed. In this project changes 

in the land surface were accounted for by changing land class from ice to bare rock, to 

simulate glacier retreat. A truer representation of changes would also include changes in 

the elevation and slope of the previously ice-cover area. In this study changes in slope 

and elevation were assumed to have a minimal impact on runoff in proportion to 

changes associated with glacier covered area and so no estimates were made for this. 

However it would have to be assessed whether the extra effort to include the dynamic 

glacier model would yield more certain results at a catchment scale. The MM5 climate 

model has been coupled to WaSiM on a countywide scale in order to predict changes in 

glacier cover with climate in other studies in Iceland. It would be interesting to repeat 

these studies but focus on the south of Iceland especially. This project did not attempt to 

integrate a distributed climate model into the hydrological model and so predictions of 

climate change could only be based on previously published annual average changes. 

This meant that variation in day to day river discharge could be not be simulated. 
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The snow model would be improved by additional measurements of snow depth in the 

catchment. In this project the snow model was calibrated with photographs of the 

position of the snow line. Measuring snow depth can be time consuming and would 

require specialist equipment (snow-pillows) and regular fieldwork.  Again the benefits 

of doing this would have to outweigh the benefits of calculating likely snow cover using 

a model. 

Further dye tracer tests could be designed to identify melt water originating from the 

west arm of the glacier. More distributed dye tracer tests could also be used to 

demonstrate the hydrological connectivity of conduits and their seasonal evolution. This 

would give an indication of the stability and health of the lower ablation zone. It is 

hypothesised in this study that the conduits of the lower ablation zone remain open all 

year round due to continuous meltwater production and the stagnation of the lower 

glacier tongue. However this is based on a small number of tests and observations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



276 
 

Chapter 9 Conclusions 

 

9.1 Glacier melt 

A detailed ablation stake network and continuous river monitoring at 

Virkisjökull in SE Iceland have enabled the successful modelling of bulk meltwater 

input into the catchment from the glacier. Total amount of melt water can be expected to 

increase by 37% with a 1°C rise in temperature. This amount is expected to increase as 

the ELA of the glacier retreats to a higher position. The total amount of melt water 

increase and the changes in the river discharge are highly influenced by the individual 

hypsometry of the glacier. At Virkisjökull an increase in ELA by 100 m could lead to an 

annual increase in melt water input of 13.4% between May and September. The 

movement from a 20th century ‘Type 1’ hydrograph to a 21st century ‘Type 2’ 

hydrograph will result in changes to the proglacial zone which may have large 

consequences for the eco-hydrology and management of the catchment. Understanding 

the connection between glacier hypsometry and river discharge enables a greater 

understanding of the influence of rapid retreat on pro-glacial short-term river runoff at a 

local scale. 

9.2 Evolution of proglacial foreland 

Tracer testing in the glacial and pro-glacial areas of a rapidly deglaciating system 

demonstrate very rapid transit of melt water at the end of the melt season with velocities 

of 0.58 m s-1 and 0.03 m s-1 respectively. This shows that at Virkisjökull the pro-glacial 

river is highly responsive to melt as a result of well-developed conduits in both the sub-

glacial and pro-glacial areas. Melt water velocities through the glacier are similar to 

those in the river which demonstrates that the conduit system is a highly efficient means 

of transporting water. 
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Rapidly de-glaciating catchments such as Virkisjökull create a pro-glacial setting which 

is transitional between the glacial and longer established pro-glacial areas resulting in a 

system of buried ice containing the relic conduits of the former ablation zone through 

which melt water can be transferred rapidly to the pro-glacial river.  These findings 

have improved our understanding of the formation and role of lakes in the hydrology of 

de-glaciating landscapes. 

Buried ice in proglacial forelands is likely to become more common as a result of 

deglaciation, and understanding the hydrology of these areas is important to enable 

appropriate catchment modelling and hazard mitigation. This study shows that ice-

stagnation terrain does not appear to impede the hydrological connectivity between the 

glacier and foreland during deglaciation in a humid temperature environment. 

9.3 Catchment river monitoring conclusions 

The river in the Virkisjökull catchment is primarily controlled by the seasonal changes 

in glacier melt while the geomorphology of the catchment allows some storage and 

attenuation of flow. Flow attenuation is never more than a day but also depends strongly 

on the time of year. However the amount of storage in the catchment currently allows 

Virkisá to maintain a base flow throughout the year even when there is negligible melt. 

Virkisá has been found to be very sensitive to extreme events, particularly heavy and 

sustained winter rainfall on an un-ablating ice surface. Due to this effect it was 

anticipated in this project that any increased flow associated with higher glacier melt in 

the coming century would potentially lead to a greater frequency of flood level 

discharges. 

Differences between discharges in 2013 and 2014 have suggested that the river has 

entered a new phase of response to glacier melt. 2014 base-flows remain high into the 

autumn rather than decreasing to minimal levels as has been observed in previous years. 
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The discharge of Virkisá is most strongly influenced by temperature and snow line 

elevation at present. Evidence has been presented that suggests that until the snow line 

has retreated to a specific height there is a close relationship between discharge and 

snow line altitude. After this height it is temperature that controls discharge through 

glacier melt. 

9.4 Catchment modelling conclusions 

WaSiM represents the catchment conditions well and a good calibration was achieved 

using only a limited number of parameters which were informed by field data and 

relevant literature from research in Iceland. It was found that the model was particularly 

sensitive to changing temperature, as was anticipated by studying the catchment 

discharge record. This effect is due to the high proportion of the catchment that is 

glaciated. The measured discharge record shows that the river is rapidly responsive to 

individual events and the model accurately recreates this effect. 

The modelled scenarios show that the greatest changes in river flow are likely to occur 

when the glacier has reduced by between 10 and 50% of its current extent. The river is 

anticipated to experience a dramatic drop in yearly discharge as a result of this reduction 

in ice covered area. This effect cannot be mitigated by increased melt rates due to higher 

temperatures or by reasonable precipitation increases in the region. There is likely to be 

an increase in the magnitude of flood events and the peakedness of flow, as the glacier 

reduces leading to a potentially significant flash flood hazard in the area of the road 

bridge. Additionally a dramatic reduction in winter base-flow could have large 

consequences for sandur groundwater recharge. This conclusion is potentially 

significant, as it may inform studies in other glaciated catchments worldwide. 

Finally this project has shown that it is both possible and valuable to use distributed 

modelling on a small catchment scale in Iceland. It has found that prediction of future 
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changes based on country-wide modelling underestimate change at Virkisjökull as a 

result of micro-climatic factors and individual storage effects. It is therefore important 

to combine any modelling program with focused fieldwork so that results can be tested 

and grounded in the real world. 
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Appendix 1 

 

 

Station name AWS1 AWS3 AWS4 

Altitude (m) 156 444 858 

Scan rate (s) 5 5 5 

data rate (mins) 60 15 60 

data logger Campbell Scientific CR800 Datalogger Campbell Scientific CR800 Datalogger Campbell Scientific CR800 Datalogger 

camera 2 mega pixel camera 2 mega pixel camera 2 mega pixel camera 

 

Meteorological parameters Units Meteorological parameters Units Meteorological parameters Units 

Temperature (max, min & average) °C Temperature (max, min & average) °C Temperature (max, min & average) °C 

Relative humidity (max, min, ave) % Relative humidity (max, min, ave) % Relative humidity (max, min, ave) % 

wind speed m/s wind speed m/s wind speed m/s 

wind direction degrees wind direction degrees wind direction degrees 

Precipitation mm Battery voltage volts Precipitation mm 

Solar Irradiance Watts/sq   Atmospheric pressure hectopascals 

Battery voltage volts   Battery voltage volts 



 
 

Appendix 2 Methods to calculate internal catchment hydrological cycle processes in a 

modelling framework. 

Potential transpiration from plant leaves, the evaporation from bare soil and the 

evaporation from interception surfaces can be calculated using the Penman-Monteith 

method (Monteith, 1975; Brutsaert, 1982). This is given by: 

𝜆𝐸 =  

3.6
∆
𝛾𝑝

(𝑅𝑁 − 𝐺) +
𝑝. 𝑐𝑝

𝛾. 𝑟𝑎
(𝑒𝑠 − 𝑒). 𝑡𝑖

∆
𝛾𝑝

+ 1 + 𝑟𝑠/𝑟𝑎

   

(Schulla, 2012 p51). Where, λ is the latent vaporization heat ; E is the latent heat flux in 

mm m2; Δ is the tangent of the saturated vapour pressure curve; RN is the net radiation; 

G is the soil heat flux; p is the density of dry air; cp is the specific heat capacity of dry 

air at constant pressure; es is the saturation vapour pressure at the temperature T; e is the 

actual vapour pressure (observed); ti is the number of seconds within a time step; Yp is 

the psychrometric constant; rs is the bulk-surface resistance; And ra is the bulk-

aerodynamic resistance.  

Interception can be calculated using a simple bucket approach that contains a capacity 

dependant on teh leaf area index, the vegetation coverage degree, and the maximum 

height of water on the leaves. This is given by: 

𝑆𝐼𝑚𝑎𝑥 = 𝑣𝑐𝑓. 𝐿𝐴𝐼. ℎ𝑆𝐼 

Where, SImax is the maximum interception storage capacity (mm); vcf is the degree of 

vegetation covering (crop specific annual course) in m2/m2 ; LAI if the leaf area index 

also in m2/ m2 ; And hSI is the maximum height of water at the leaf surfaces (mm). 

Using an approach after Perchke (1977; 1987) which is based on the approach of Green 

and Ampt (1911) the infiltration of water into the soil can be measured. In this method 

the soil is assumed to be homogenous and not layered, the matrix flow is assumed to 



 
 

dominate and the wetting front is approximated as a step function. The precipitation 

intensity is assumed to be constant over the entire time step. The approach consists of 

two phases: 

𝑡𝑠 =
𝑙𝑠. 𝑛𝑎

𝑃𝐼
=  

𝜓𝑓

𝑃𝐼/𝐾𝑆 − 1

𝑃𝐼
 

 Where, ts is the saturation time from the beginning of the time step; ls is the saturation 

depth (mm); na is the fill-able porosity; ψf is the suction at the wetting front (mm); PI is 

the precipitation intensity (mm/h); Ks is the saturated hydraulic conductivity (mm/h). 

Then the infiltrated amount of water up to this time (Fs) is given by: 

𝐹𝑠 = 𝑙𝑠. 𝑛 = 𝑡𝑠. 𝑃𝐼 

Finally the cumulated amount of infiltration after saturation until the end of the time 

step is calculated after Dyck and Peschke (1989) by: 

𝐹 =
𝐴

2
+ [

𝐴2

4
+ 𝐴𝐵 + 𝐹𝑠

2

]

1/2

 

Where A =Ks (t-ts) and B= Fs + 2.na. ψf . 

The best way of calculating these important factors of the hydrological cycle within this 

project is to choose a model which will internalize the calculation within its framework 

using set meteorological inputs. 

 

 

 

 

 

  



 
 

Appendix 3 

Parameters of the soil model for all soil classification and the two defined horizons in 

the soil layer 

Parameters of soil Bedrock Sandur Moraine Talus 

PmacroThresh 100 1000 200 150 

MacroCapacity 1 0 3 4 

CapacityRedu 1 1 0.5 1 

MacroDepth 2 0 1 1.5 

Horizon 1 2 1 2 1 2 1 2 

Name R10m R10m S1m S1m M1m M1m T10m T10m 

Ksat 1.00E-03 9.00E-04 8.25E-04 

6.25E-

04 

1.23E-

05 

1.03E-

05 

6.94E-

07 5.94E-07 

k_recession 0.8 0.9 0.8 0.9 0.8 0.9 0.8 0.9 

theta_sat 0.2 0.18 0.43 0.4 0.41 0.4 0.46 0.4 

theta_res 0.04 0.04 0.045 0.045 0.065 0.065 0.034 0.034 

Alpha 8 8 14.5 14.5 7.5 7.5 1.6 1.6 

Par_n 1.8 1.8 2.68 2.68 1.89 1.89 1.37 1.37 

Par_tau 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

thickness 

0.1666

6 0.3333 0.05 0.1 

0.1666

6 0.3333 

0.166

6 0.3333 

layers 2 59 2 99 2 59 2 59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Appendix 3 continued. 

All parameters of the vegetation (land use) classification. The table shows variability 

that is programmed into the model throughout the year to account for changes in 

seasonal vegetation cover and is associated hydrological properties. There are six main 

classifications. 

Parameter Value 

Vegetated 

Julian 

Days 15 46 74 105 135 166 196 227 258 288 319 349 

RootDistr 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HreduDr

y 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

IntercepC

ap 0.35 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

0.2

5 

Rsc 90 90 80 70 60 55 50 55 60 70 90 90 

rs_interce

ption 5 5 5 5 5 5 5 5 5 5 5 5 

rs_evapor

ation 600 600 600 600 600 600 600 600 600 600 600 600 

LAI 2 2 2 2 3 3 3 3 3 2 2 2 

z0 0.03 

0.0

3 

0.0

3 

0.0

4 

0.0

4 

0.0

4 

0.0

4 

0.0

4 

0.0

4 

0.0

3 

0.0

3 

0.0

3 

VCF 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8 

RootDept

h 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

AltDep 

0.02

5 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

Dwarf Birch 

JulDays 15 46 74 105 135 166 196 227 258 288 319 349 

RootDistr  1 1 1 1 1 1 1 1 1 1 1 1 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HReduDr

y  3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

IntercepC

ap  0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Albedo 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Rsc 80 80 70 70 60 50 50 60 60 70 70 80 

rs_interce

ption 5 5 5 5 5 5 5 5 5 5 5 5 

rs_evapor

ation 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

100

0 

LAI 3 3 3 4 5 5 4 4 3 3 3 3 

z0 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

VCF 0.9 0.9 0.9 0.9 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 0.9 0.9 0.9 

RootDept

h 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 



 
 

AltDep 

0.02

5 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

 Unvegetated 

JulDays 15 46 74 105 135 166 196 227 258 288 319 349 

RootDistr  1 1 1 1 1 1 1 1 1 1 1 1 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HReduDr

y  3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

IntercepC

ap  0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

             

Albedo 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Rsc 100 100 100 100 100 100 100 100 100 100 100 100 

rs_interce

ption 5 5 5 5 5 5 5 5 5 5 5 5 

rs_evapor

ation 200 200 200 200 200 200 200 200 200 200 200 200 

LAI 1 1 1 1 1 1 1 1 1 1 1 1 

z0 1 1 1 1 1 1 1 1 1 1 1 1 

VCF 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

RootDept

h 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

AltDep 

0.02

5 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

 Ice & Snow 

JulDays 15 46 74 105 135 166 196 227 258 288 319 349 

RootDistr  1 1 1 1 1 1 1 1 1 1 1 1 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HReduDr

y  0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

IntercepC

ap  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

             

Albedo 0.82 

0.8

2 

0.8

2 

0.8

2 

0.7

2 

0.6

2 

0.5

2 

0.5

2 

0.5

2 

0.6

2 

0.7

2 

0.8

2 

Rsc 50 50 50 50 50 50 50 50 50 50 50 50 

rs_interce

ption 50 50 50 50 50 50 50 50 50 50 50 50 

rs_evapor

ation 50 50 50 50 50 50 50 50 50 50 50 50 

LAI 1 1 1 1 1 1 1 1 1 1 1 1 

z0 0.02 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

0.0

2 

VCF 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

RootDept

h 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

AltDep 0 0 0 0 0 0 0 0 0 0 0 0 

Semi-vegetated        

JulDays 15 46 74 105 135 166 196 227 258 288 319 349 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

RootDistr  1 1 1 1 1 1 1 1 1 1 1 1 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HReduDr

y  0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

IntercepC

ap  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Albedo 0.12 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

0.1

2 

rsc 250 250 200 150 150 120 100 90 100 150 200 250 

rs_interce

ption 80 80 75 65 55 55 55 55 55 75 80 80 

rs_evapor

ation 220 220 220 220 220 220 220 220 220 220 220 220 

LAI 1 1 1 1.2 1.5 1.7 1.8 1.8 1.4 1 1 1 

z0 0.05 

0.0

5 

0.0

5 0.1 

0.1

5 

0.1

5 

0.1

5 

0.1

5 

0.1

5 0.1 

0.0

5 

0.0

5 

VCF 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

RootDept

h 0.1 0.1 0.1 

0.1

5 

0.1

5 0.2 0.2 0.2 0.2 

0.1

5 0.1 0.1 

AltDep 

0.02

5 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

-

0.0

25 

Water surfaces 

JulDays 15 46 74 105 135 166 196 227 258 288 319 349 

RootDistr  1 1 1 1 1 1 1 1 1 1 1 1 

TReduW

et 0.95 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

0.9

5 

LimitRed

uWet 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

HReduDr

y  3.45 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

3.4

5 

IntercepC

ap  0 0 0 0 0 0 0 0 0 0 0 0 

Albedo 0.05 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

0.0

5 

rsc 20 20 20 20 20 20 20 20 20 20 20 20 

rs_interce

ption 20 20 20 20 20 20 20 20 20 20 20 20 

LAI 1 1 1 1 1 1 1 1 1 1 1 1 

z0 0.01 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

VCF 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

RootDept

h 0.01 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

0.0

1 

AltDep 

0.02

5 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 

0.0

25 



 
 

Appendix 4 Table showing all the parameters of WaSiM. Parameters to be calibrated are 

highlighted in bold. 

Parameter 

Number Name Description 

Initial 

value 

Range-

Low 

Range-

High Units 

1 al precipitation correction 0.05 0 1 

mm/  

(m s-1) 

2 bl precipitation correction 1.05 0 2 

mm/ 

(m s-1) 

3 as precipitation correction 0.25 0 0.75 

mm/ 

(m s-1) 

4 bs precipitation correction 1.2 0 2.4 

mm/ 

(m s-1) 

5 dmax 

Interpolation of meteorological input data: 

maximum distance to next met station 789   Km 

6 p 

Interpolation of meteorological input data: 

power of the distance weighting for Inverse 

Distance Weighting interpolation 2   N/A 

7 igo 

Interpolation of meteorological input data: 

upper and lower inversion layers 444   M 

8 igu 

Interpolation of meteorological input data: 

upper and lower inversion layers 805   M 

9 CT 

Modification of temperature: scaling factor after 

e.g. 5K 

 1.22   K 

10 Tr/s 

Snow model: transition temperature snow 

and rain 1 0 3 °C 

11 T trans Snow model 0   K 

12 T0 Snow model: threshold melt temperature 0 0 2 °C 

13 C0 Snow model: Degree day factor 1.8 1 5 

mm °C d-

1 

14 

DDF 

ice Glacier model: degree day factor for ice 6 3 9 

mm °C d-

1 

15 

DDF 

firn Glacier model: degree day factor for firn 5 2 7 

mm °C d-

1 

16 

DDF 

snow Glacier model: degree day factor for snow 4 1 6 

mm °C d-

1 

17 MF Glacier model: melt factor 1.8 1 5 

mm °C d-

1 

18 αice Glacier model: radiation coefficient for ice -0.0001   N/A 

19 αfirn Glacier model: radiation coefficient for firn    N/A 

20 αsnow Glacier model: radiation coefficient for snow 0.00006   N/A 

21 Kice Glacier model: recession parameter ice 12 1 10 H 

22 Kfirn Glacier model: recession parameter firn 120 100 1000 H 

23 Ksnow Glacier model: recession parameter snow 24 10 100 H 

24 hSH 

Interception model: maximum water layer 

thickness 0.35 0.1 0.7 M 

25 dTmin Surface routing: minimum sub time step 30   S 

26 dTmax Surface routing: maximum sub time step 3600   S 

27 fc Surface routing: concentration factor 2   N/A 

28 nmax 

Groundwater model: min iterations per time 

step/layer 1000   N/A 

29 Єiter 

Groundwater model: max iteration error 

between two steps 0.0001   M 



 
 

30 αs 

Groundwater model: weighting of the head of 

time step end 0   N/A 

31 SOR 

Groundwater model: successive over relaxation 

factor -1.2   N/A 

32 Bh, Bv 

Discharge routing: width of mean channel and 

floodplains 6.5, 26.1   M 

33 Th Discharge routing: channel depth 1.22   M 

34 Mh, Mv 

Discharge routing: roughness values for mean 

channel, floodplains 10, 4   m1/3 s-1 

35 I Discharge routing: channel slope 0.035   mm-1 

36 L Discharge routing: channel length 1103.6   M 

37 AE Discharge routing: catchment area 9.96   km2 

38 Kh, Kv 

Discharge routing: reservoir constants for 

storage effects for channel and floodplains 0.1, 0.4   H 



 
 
 


