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Abstract 

Hydropower plants produce the largest amount of electric energy in Iceland. The rivers with 

the largest energy potential and installed capacity are strongly influenced by seasonal 

variation due to additional water input by seasonal snow and glacier melting. In order to 

provide efficient energy production and maintain energy security, reservoir management and 

thus river discharge analysis is of great importance. This study investigates the accuracy of 

accumulated spring discharge simulation using the rainfall-runoff model HYPE for the 

Tungnaá catchment in Iceland. The model has been trained during a time period of 22 years 

using forcing data of the meteorological model HARMONIE and field measurements of 

discharge at the catchment outlet. Starting with a simple model setup which contained only 

fundamental processes, further model functions and modules where added to test the model’s 

capability of simulating monthly accumulated discharge. The results show that the model 

accuracy could be improved by adding modules dealing with groundwater and return-water 

flow and additionally with enhanced snow melting. A calibration of only the first 6 months 

of the year resulted in the best performing model setup for the spring period. While there is 

potential for further improvements of this modelling approach this study shows already 

potential for further development and for coupling with a weather forecasting model for 

discharge prediction. 

 

 

 

Hermun rennslis Tungnaár með HYPE líkaninu 

Stærsti hluti  raforku á Íslandi er framleidd með vatnsaflsvirkjunum. Vatnsföll með mestu 

orkugetuna og uppsett afl eru háðar árstíðabundnum sveiflum á rennsli og því er skilvirk 

framleiðsla og orkuöryggi háð góðum spám um ómiðlað innrennsli til að tryggja skilvirkan 

rekstur lóna.   Í þessari rannsókn er nákvæmni uppsafnaðs rennslis spáð með forritinu HYPE 

fyrir vatnasvið Tungnaá á Íslandi. Notuð eru 22 ár til að þjálfa líkanið með HARMONIE 

veðurlíkaninu ásamt raungögnum af rennsli af vatnasviðinu. Notkun HYPE líkansins til 

framtíðarspáa er prófað með því að skilgreina fyrst einfalda uppsetningu sem er svo frekar 

greind og endurbætt skipulega. Niðurstöðurnar sýna að einföld uppsetning, sem notar aðeins 

grunnbreytur og kvörðun sem fengin er úr fræðum, getur ekki hermt rennsli með 

fullnægjandi hætti. Vorið reyndist vera minnst fyrirsjáanlegt og mest krefjandi að herma rétt.   

Með því að bæta við einingum fyrir grunnvatn, snjóbráðnun og kvarða 6 mánuðum ársins 

var niðurstaðan viðunandi fyrir uppsafnað rennsli. Þessi rannsókn sýnir mikla möguleika til 

frekari þróunar. 
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1 Introduction 

Spring discharge prediction is an important information source for hydropower plant 

operators. Information of when the snow melting in the Highland starts and how much 

discharge can be expected during the melting season is important knowledge for planning 

hydropower reservoir storage and for power production management of each individual 

power plant. The aim is to operate the power plants at their optimum efficiency and use as 

much available water as possible. Spilling water will waste energy while lack of water will 

put stress on power producers, who need to produce the power with other sources to ensure 

power security to the consumers. 

Landsvirkjun, the national power company in Iceland and producer of two thirds of the total 

power consumed in the country, generates more than 96 % of its electrical power from hydro 

power plants (2015). Thus the greatest part of electrical power generated in Iceland 

originates in hydro power with 75 % of the total production (Orkustofnun) and the prediction 

and management of the water resource in the hydropower reservoirs is an important part of 

sustainable production (Landsvirkjun, 2016). 

The catchment of river Tungnaá which is object of this analysis is one of the catchments in 

south Iceland which provides water to a series of hydropower plants, producing power for 

big industry and the capital region of Iceland. The river dewaters an area of 1140 km2 of the 

southern Icelandic highlands of which about 150 km2 are covered by glaciers, the largest of 

them is the Tungnaárjökull, a part of Vatnajökull glacier. The river shows a strong annual 

variation in discharge, dominated by snow melting in the spring months, glacier melting in 

the summer and general discharge of reappearing groundwater. 

1.1 Objectives 

The objective for this master thesis is to create a setup in the HYPE rainfall-runoff model 

which is capable of reproducing discharge pattern in the Tungnaá catchment in the Icelandic 

highlands. For this atmospheric forcing data will be obtained from model data of the 

HARMONIE model (operated by the Icelandic Meteorological Office) which represents a 

continuously updated source of modelled meteorological data on a 2.5 x 2.5 km2 grid 

(Icelandic Met Office, 2015). To calibrate and evaluate the model, field measurements of 

discharge at the catchment outlet will be used (Landsvirkjun, 2017). Previous studies about 

the hydrology in this and the surrounding catchments showed difficulties in simulating river 

discharge because of a great influence of groundwater into the river scheme (Georgsson, 

2016; Jóhannesson et al., 2007; Lugten, 2013; Þorsteinsson, 2015). Similar problems can be 

expected during the model setup and calibration. To approach this, a general setup will be 

created which bases on data and variables found in scientific literature and uses general 

assumptions for missing information. Upon this base setup, different improvement strategies 

are developed and assessed to get closer results in comparison with the discharge 

measurement time series. Eventually the applicability of the best setup for cumulated 

discharge forecasting in the spring time will be evaluated upon which further research can 

be made. 
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The ultimate goal of the research, exceeding this thesis, is to develop a modelling 

environment which is suitable of producing accurate assumptions of cumulated discharge 

amounts in the spring period over different time intervals. 

This study is a pilot study which is aimed at evaluating whether the Swedish HYPE rainfall-

runoff model with artificial meteorological forcing can be set up as such a model and can be 

used later for improved hydropower reservoir management in the Icelandic South. 

1.2 Site Description 

The examined catchment of the Tungnaá river is located in the highlands, in the south of 

Iceland and to the west of the Vatnajökull glacier. The catchment extends from the 

Tungnaárjökull glacier – the part of the Vatnajökull glacier which falls into the Tungnaá 

catchment – elongated in south-western direction to two small glaciers, Torfajökull and 

Kaldaklofsjökull. Four mountain ridges which were formed by volcanic eruptions below ice 

age glaciers cover the northern two thirds of the catchment, all extending in north-east, 

south-west direction. These subglacial eruptions happened at the end of the Pleistocene and 

formed so called Móberg formation which form the base rock layer of the catchment 

(Jakobsson & Gudmundsson, 2008). Between the two ridges in the centre flows the Tungnaá 

river. At the south end of the ridges the river flows in two big loops in north and then north-

west direction were it drains into the Krókslón reservoir (Figure 1). 

  



17 

 

Figure 1: A digital elevation map of the Tungnaá catchment, including overlays for rivers, 

lakes and glaciers and additional contour lines for the glacier areas (Landmælingar Íslands, 

2017). 

The ground is made up of lava from old eruptions and large sand planes cover most of the 

upper reaches with little to no vegetation. Mosses and lichen are the main species found in 

the area while rooting plants have difficulties getting enough water in the quickly draining 

sand soils. Areas where soil is blown in allows the growth of plant life such as bushes and 

scrubs (Vatnajökull National Park). These areas are sparse and mostly found in the south-

east of the catchment. Arnalds and Grétarsson created a soil map for Iceland in a 1:500,000 

resolution which shows 3 dominant soil types in the study area (Arnalds, 1999; Arnalds & 

Grétarsson, 2001). Most of the north of the catchment is covered by Arenic Vitrisol while 

the mountains in the south consists mostly of Cambic Vitrisol. In between and around the 

river bend smaller patches of Brown Andosol can be found which are also the areas with 

most of the vegetation. The CORINE land cover classification scheme of 2012 (Copernicus, 

2012) defines the biggest proportion of the catchment as bare rock which is identified by a 

sparsely to not vegetated area (< 10 % plant cover), covered by large rocks or barren lava 

fields (Figure 2). The other areas defined in the CORINE classification are sandy areas with 

accumulation of river sediments and glacier outwash planes and sparsely and fully vegetated 

areas. The sparsely vegetated areas are defined as a sub-desertic area with a maximum 

vegetation cover of 50 % while the ground may also be of rubble or boulders of alpine 

regions with a low vegetation cover. This area type can be found throughout the whole 

catchment close to lakes and the river. The fully vegetated area only appears in the south of 

the catchment and is defined as Moor or Heathland with a closed vegetation cover consisting 
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of low growing plants, dominated by shrubs, bushes and herbaceous plants. This also 

includes arctic moors with moss and lichen vegetation and potential dwarf shrubs. 

 

 

Figure 2: CORINE 2012 classification of the land surface (Landmælingar Íslands, 2017). 

The total catchment includes an area with altitude difference of about 800 m. The lowest 

altitude in the area lies just above 500 m (asl.) at the river outlet of the catchment while the 

maximum height is reached on Tungnaárjökull with 1332 m (asl.). Figure 3 shows that most 

of the area lies at lower altitude with 75% of the catchment being below 810 m (asl.) and 

almost all the catchment area exceeding 1000 m (asl.) is glacier ice. 

 



19 

 
 

Figure 3 (left): Area-elevation relation in the catchment with quantiles drawn in grey colour. 

Figure 4 (right): Average monthly discharge of the Tungnaá river at the gauging station 

Tungnaá Maríufoss between Nov. 1988 and Dec. 2016 (measurements before 2002-02-20 

are on a daily basis at 12:00; later values on hourly basis) (Landsvirkjun, 2017). 

At the foot of Vatnajökull glacier, Tungnaá river feeds of many small glacier rivers and 

flows in south-west direction through the catchment. It appears as a wide braided river of 

which parts fall dry during low water conditions. 

Icelandic rivers can be classified by three dominant categories: direct-discharge rivers, 

glacial fed rivers and groundwater fed rivers. The differences between the categories is the 

timing and distribution of the discharge in a river over the year. Direct-discharge rivers show 

a peak discharge in the spring season where snow melt is the dominant water provider with 

relatively low discharge in the rest of the year. Glacial fed rivers also show a strong 

seasonality but with the maximum discharge peak shifted towards the summer months as 

glacial ice melt is the dominant water provider. Lastly ground water fed rivers only show a 

low to no seasonality depending on the water retention of the groundwater. 

The Tungnaá river shows signs of all three classifications. A general discharge increase in 

summer is caused by snow and glacier melt (Figure 4). Snow melting leads to a steep 

discharge increase in April and the glacier melting brings the elongated melt discharge 

period ranging to the end of September with a steady decrease. Discharge analysis for the 

river showed a general delay of spring floods of up to a month in the Tungnaá river over the 

last 40 years. The research shows a trend of the maximum daily spring discharge shifting 

towards end of May which is explained by a general decrease of average spring air 

temperatures and thus a delay in snow melt of the higher altitude regions in the catchment 

(Jóhannesson et al., 2007). The glacial fed part of the river discharge drains water from the 

Tungnaárjökull glacier with a drainage area of about 121.8 km2. Annually average meltwater 

runoff ranged from 10 to 20 m2s-1 in the years between 1992 to 2014 with an increasing trend 

(Pálsson et al., 2014). Groundwater flow plays also a great role in this area as the ground 

consists of porous rock and lava formations of volcanic activity of the last ice age or younger. 

Thus in most of the area south west of Vatnajökull precipitation does not discharge on the 
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surface but more than 80 % infiltrates right into the ground (Vatnajökull National Park). The 

ground water flow in this area follows mostly the direction of the mountain ridges, in NE-

SW direction. In the western part of the study area the groundwater table rises to the surface 

and surface lakes can be found which are not connected to any river system but are only 

controlled by groundwater flow (Figure 2) (Sigbjarnarson, Theodorsson, & Arnason, 1976). 

Lakes make up about 3.3 % of the catchment area. The ground permeability in Móberg 

formation can be assumed to be of the magnitude of 10-5 to 10-3 m/s, in layers of lava at the 

surface it can go up to even 10-2 to 10-1 m/s (Freysteinsson & Helgason, 1986). 

Figure 5 shows a climate diagram for the catchment which fits into a sub-arctic category. 

The diagram is created by taking monthly averages of the model results of the HARMONIE 

model for the area within the catchment. For this variables about surface temperature and 

precipitation are used in the time between 1980 and 2015 without height adjustments. The 

average monthly temperatures are lying below 0 °C between October to the middle of May 

with an average temperature between -6 and -7 °C from November to March. Summer 

average temperatures rise to about 7 °C on average although there is a greater variability 

between different areas in the catchment in summer. The warmest average temperatures in 

winter are found in the area right in the periphery of the Vatnajökull glacier while in summer 

the areas with the lowest altitude show the warmest average temperatures. The lowest 

monthly temperatures, by contrast, are measured on the Vatnajökull glacier all year round. 

Although the area is only sparsely vegetated, the precipitation is very high all year long. 

Water stress which prohibits larger vegetation covers is, thus, mainly caused by high 

infiltration and percolation rates in the soil in combination with low field capacities due to 

the large sand components in the most common soil types in the area. The lowest 

precipitation amount falls in late spring to early summer with an average of about 85 mm/h 

in Mai and June. Much higher precipitation averages fall in winter with amounts between 

180 and 190 mm/h from December to February. Also the difference between the areas of 

lowest and highest precipitation is much higher in the winter times than in summer. In winter 

precipitation amounts can reach up to 450 mm/h in certain areas while in summer the 

precipitation averages between the areas range from above 40 to about 200 mm/h. All year 

long the highest average precipitation amounts are found at Torfajökull while the lowest 

averages are simulated in the periphery around Vatnajökull in summer and lower reaches of 

the catchment in winter. Although, the average temperatures are below -6 °C in winter only 

half of the precipitation falls as snow. This is due to the diurnal temperature cycle which 

often allows positive temperatures during the day in the winter and also because large 

precipitation amounts are generally occurring together with warmer air advections in winter. 

Thus the temperature for precipitation events is on average about 2 to 3 °C warmer than the 

average monthly temperature. 
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Figure 5: Climatology of the whole catchment area containing average temperature, 

precipitation and precipitation snow fraction for the whole catchment area. The temperature 

and precipitation also show the range between the areas of lowest and highest average 

values for each month (dotted red lines and vertical blue ranges). These areas to determine 

the monthly ranges of average temperature and precipitation are identical to the sub-basins 

defined for the model domain (Chapter 3.2). 
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2 Literature Review 

2.1 Hydrological Models 

Simulation of soil water, routing and discharge is normally done by using hydrological 

models. A basic hydrological model is designed to simulate water distribution and water 

fluxes on the earth surface and in the soil. The fundamental rule of this simulation is the 

conservation of water mass in the model and, if included in the simulation, other substances 

like nutrients or sediments. The second fundamental rule of these models is to keep energy 

balance in the simulation. Input to these models are meteorological data of which a 

precipitation time series is the most important one. Other variables which might also be 

important in models of higher detail level are the temperature, which is used in most 

hydrological models, the air humidity, the precipitation type, the solar and thermal radiation 

and the evaporation or evapotranspiration. To simulate water fluxes in and on the ground the 

model additionally needs information about ground type, topography, cropping and soil type 

and depth (soil depth in terms of the depth of permeable material on the earth surface). 

Hydrological models are often also referred to as “black box” models as the processes which 

happen in the ground and lead to the desired model results are highly complex. Physical and 

mathematical descriptions of these processes in the models are only applicable on the 

represented scales of the model and are only generalisations of the processes happening on 

atomic levels between soil particles and the water. Therefore, although using physical 

considerations and calculations of fluxes in the ground and between ground and surface, a 

model is not instantly automatically applicable to any area or catchment but needs to be 

calibrated. The calibration step sets parameters in the mathematical equations of the model 

to simply parametrise processes happening in the soil which cannot be simulated, either 

because they are too time consuming, complex or detailed in their calculations or even 

because they are not fully understood yet. (Beven, 2012). The high complexity also results 

in the fact that simpler models often have a much lower tendency of producing errors: 

(Jakeman & Hornberger, 1993) propose that a two storage simulation with one quick and 

one slow response storage is often enough to get reasonable model results and also has the 

smallest error potential. More complex models need much more information about specific 

parameters to perform better. These parameters are often not given and hard to derive. Also 

further time series of additional meteorological and hydrological variables are needed for a 

more detailed model while most commonly the only available and most reliable data at hand 

is temperature, precipitation and discharge. 

Most models used for hydrological simulations are physically based models. To design a 

physically based model a perceptual model is designed first for the relevant model area. This 

perceptual model combines an analysis of what processes and variables are important in the 

hydrology of the area (e.g. snow, frost, vegetation, different soil types, etc.). The perceptual 

model is then converted into a conceptual model where variables and processes are converted 

into mathematical equations which are later combined in a procedural model where the 

equations are linked with a procedural time formulation. Depending on the site of application 

different physical effects are of importance leading to different modelling approaches. 

Typical processes which can be found in such models are: sub-soil and surface runoff 
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formulation, vertical water fluxes in the soil and infiltration, interception of precipitation 

water in the vegetation foliage, plant root water uptake and evapotranspiration, changing soil 

pore space with humidity and temperature (e.g. dry soil or frozen soil), ground water 

behaviour, snow cover, seasonal effects, radiation and heat flux effects, evaporation, 

topographical and sediment effects. Furthermore, different attempts of grouping 

hydrological models exist of which the simplest is to distinguish between lumped (bulk) and 

distributed models. Lumped models treat catchments as single units and average all variables 

over the whole catchment while distributed models divide the catchment up into several units 

which convey water between them. The advantage of the lumped models is thus that no 

formulations for horizontal water fluxes are needed but for the cost of losing accuracy within 

the simulation and being forced to large spatial resolutions. Distributed models need a 

description of horizontal water fluxes of which river discharge and routing systems 

combined with ground water propagation are the most common ones. These allow much 

finer spatial resolutions but also include a lot more parameters which need to be defined, 

calibrated and also add a source of errors. The complexity of hydraulic systems makes it 

hard and sometimes impossible to use one model which is capable of modelling hydraulics 

in one region for a different region since not only the parameters are different for the new 

region but also the dominant physical processes might be completely different as well 

(Beven, 2012). 

Apart from the physical based models other approaches of predicting hydraulic variables 

exist as well. Of them, the Artificial Neural Network (ANN) is one of the mostly used 

models. Instead of simulating physical phenomena this type of model produces its output by 

pattern recognition of data sets of the past. An ANN can learn non-linear relations between 

variables and thus it can be used for any case where a relation between input and output is 

existing, however, not known. More than physical models, ANNs purely rely on training and 

can afterwards produce discharge predictions according to the correlations and relationships 

of the input variables learned during the training period. This makes the model a legitimate 

black box as a complex ANN cannot be taken apart to retrieve the correlations between input 

and output variables. An ANN can also be set up without any a priory information about the 

system which is simulated. Crucial information for the performance is, though, the 

complexity of the model and thus the amount of model layers and variables must be chosen 

wisely. ANNs can also be seen as conservative models as they can only reproduce data of 

correlations learned during their training and will never be able to reproduce additional 

mechanisms like a physical model might be capable of (Minns & Hall, 1996). 

2.2 Snow Accumulation and Discharge Modelling 

Snow melting is a physical process and can be described by simple energy balance 

evaluations with, though, a number of different variables. 

 𝑄𝑀 = 𝑄𝑁𝑅 + 𝑄𝑇𝐻 + 𝑄𝐺 + 𝑄𝑅 (1) 

The energy which is available for snow or ice melting (𝑄𝑀) is the sum of the net radiation 

(𝑄𝑁𝑅), the turbulent heat flux (𝑄𝑇𝐻), the ground heat flux (𝑄𝐺) and the sensible heat flux 

provided by rain (𝑄𝑅) (Hock, 2005). The derivation of these variables from measurements 

is not trivial and leads to large errors in simulations, despite requiring a lot of input variables 

for the model. This source of errors results in the dominance of factors in the energy balance 

equation (1) which change with elevation, exposure and location of the snow pack. In higher 



25 

altitudes solar radiation is the dominant factor for snow melting and sublimation, as 

temperatures are generally very low and thus turbulent heat transfer is less important. In 

lower altitudes heat exchange between air and snow pack have a much higher influence 

because of the higher air temperatures and the fact that snow can melt even when not exposed 

to solar radiation. The differences in the energy fluxes to the snow pack by elevation lead to 

the development of semi-distributed snow models – models which use spatial discretisation 

according to topographic elevation levels. Pure height discretisation is though not improving 

the formulation of all variables needed for the energy balance simulation and thus models 

which use an even finer spatial distribution are needed and defined as fully distributed 

models. The albedo which governs how much radiation energy is taken up by the snow pack 

depends on other factors which do not correlate with elevation but rather depend on the 

mountain slope, aspect and snow grain size. Though the difficulty in simulating albedo often 

leads to simplification approaches using aging curves – albedo increase with snow age – for 

their representation in models. Precipitation which is hard to measure on site, especially in 

the presents of strong winds where deficits of up to 50% can result, is also varying a lot 

spatially. The temperature in mountainous areas often does not following the general lapse 

rate – constant temperature decrease with elevation – as in the free atmosphere but follows 

different and changing trends on mountain slopes. Surface wind and roughness length have 

to be known to simulate turbulent energy fluxes between the snow pack and the atmosphere. 

But these are hard to obtain from measurements and cannot be simulated in catchment-size 

models. Snow drift can change the spatial distribution of snow accumulation. Open snow 

free areas, which heat up much stronger with incident solar radiation, dust particles and 

plants emit additional thermal radiation which increases snow melting of the surrounding 

snow pack. All these variables which vary on small scales make snow accumulation, melting 

and runoff simulations by energy balance simulation hard. Unless process understanding is 

the aim of the study, models which use semi-distributed or lumped snow modelling mostly 

follow a different approach by utilising degree-day models (Kirnbauer, Bloschl, & 

Gutknecht, 1994). 

A degree-day model in its original form just uses one input time series as variable and two 

parameters. This time series 𝑇 [°C d] is given as the daily mean air temperature and together 

with the parameters 𝑇0 [°C d] and 𝑎 [mm °C−1 d−1] the melt water is calculated as 

 𝑀 = 𝑎 (𝑇 − 𝑇0) ≥ 0 (2) 

The two additional parameters, the minimum temperature 𝑇0 and the scaling parameter 𝑎, 

which converts the temperature difference into melt water (per unit surface area), are derived 

from measurements for 𝑎 or in case of 𝑇0, is predefined as 0 °Cd like in many other 

applications. Though in reality the parameters are not constant and change with season, this 

approach showed quite accurate results for catchment size areas with daily iteration time 

steps (Rango & Martinec, 1995). 

Similar difficulties arise with melt water simulations of glaciers. A study applying melt water 

simulations for the Storglaciären glacier in Sweden with two different modelling approaches 

resulted in an underestimation of the water discharge (Hock & Hoetzli, 1997). Their 

simulations showed that the simulation of turbulence and parametrisation of the roughness 

length are really important and have a great influence on melting and discharge predictions. 

But more generally radiation is the main factor for snow and ice melting on glaciers. 

Especially ice, which has normally a lower albedo than snow, receives most of the melting 

energy from shortwave radiation. But turbulent fluxes of sensible and latent heat can on 
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smaller time intervals increase melting rapidly. Simulation of these is though not so easy as 

the temperature above snow and ice behaves differently and surface roughness and wind 

speed may change during melting. The fact that the ice may not heat up to more than 0 °C 

can lead to large temperature gradients in the first few centimetres to meters of air over the 

glacier with then results in totally stable layering and prevents mixing with the air above. 

However, this layering can also enhance strong gravity driven winds right above the ground 

on sloped surfaces (katabatic winds). This complexity of the system causes that even on 

glaciers, with more uniform surfaces, degree-day models are still used. 

Even though just use air temperature is used as input variable, the fact that the surface air 

temperature is largely correlated to radiation and turbulent heat fluxes brings quite accurate 

results in melting simulation with a well calibrated degree-day model. The problem is 

though, that the surface temperature over a glacier is strongly influenced by the glacier 

temperature itself and thus introduce additional errors to the degree-day model. An approach 

is to use temperature measurement from ice free areas next to the glacier and calibrate the 

degree day with corrections of the temperature due to height and lateral distance. A model 

scaled by temperatures outside of the glacier reveal great performance by simulating melting 

by solar radiation but (Guðmundsson, Björnsson, Pálsson, & Haraldsson, 2003) show that it 

often lags behind when simulating smaller peaks in melt cause by turbulent eddy fluxes. On 

smaller spatial resolutions of sub-catchment sizes the model performance can improve even 

more with the addition of a radiation term which can be applied as net radiation or incoming 

shortwave radiation (Hock, 2005). 

2.3 Groundwater Simulation 

The Tungnaá catchment lies in an area with relatively porous lava rock and thus groundwater 

plays a significant role in the catchment discharge. According to Lugten, groundwater takes 

up to 20 % of the water discharge in the area as it represents one of the strongest groundwater 

dominated areas in Iceland (Lugten, 2013). The master thesis of Georgsson did further 

research on the groundwater behaviour of the Tungnaá catchment in relation to the 

neighbouring areas (Georgsson, 2016). The findings in this thesis were that groundwater 

could be defined by 𝑄(𝑡) = 217 ⋅ 𝑒−0.045𝑡, using the discharge retention description of 

(Maillet, 1905) 

 𝑄(𝑡) = 𝐴 ⋅ 𝑒−𝛾𝑡 (3) 

where 𝐴 is the initial maximum amplitude of the discharge and 𝛾 the inverse of days in which 

63 % of the water discharges. T is the time in days after the maximum discharge. Thus the 

findings show that after about 22 days 63 % (𝑒−1) of the water is discharged. 

Furthermore, in this study the groundwater is split up in 3 different aquifer behaviours in the 

catchment with different retention coefficients. The corresponding time in days for 63 % of 

discharge to happen were found to be 11 days for the fastest, 45 days for the medium and 50 

days for the slowest of these aquifers. 

2.4 Previous HYPE-Model Applications 

This study uses the HYPE model which was originally developed for better prediction of 

hydrology and nutrient transport processes in Sweden (Swedisch Meteorological and 
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Hydrological Institute). The model proves suitable on a wide range of scales so that it can 

be used on small sub-catchments size areas as well as on continental scales. A few previous 

applications of the model are introduced below. 

One of the first applications of HYPE was done in the so called S-HYPE setup. The model 

was used for detailed simulation of hydrology and nutrients in Sweden according to the 

guidelines of the European Water Framework Directive. While bringing the anticipated 

results this water quality study also showed the potential of the HYPE model to calibrate 

parameters in un-gauged catchment through a series of manual and automated calibration 

(Strömqvist, Arheimer, Dahné, Donnelly, & Lindström, 2012). 

A later application of the model was using a larger simulation area and used HYPE in a 

forecasting and predicting model conglomerate. In order to predict fresh water inflow 

changes into the Baltic sea for the future, caused by climate change, the Baltic-HYPE model 

setup was created. HYPE was used to predict potential freshwater inflow increase and less 

seasonality for a set of bias corrected climatologic forecasts for the Baltic sea area (Donnelly, 

Yang, & Dahné, 2014). 

One of the most recent studies done with the HYPE model tested the scalability of the model 

area with hydrology simulation for most of Europe in the so called E-HYPE setup. This 

study used a different scheme of grouping sub-catchments and areas by using a land use 

grouping approach. The catchment in the different groups showed similarities in their 

predictions and in calibration parameters. Using this method better results were achieved 

than with using regionalisation by geographical domains. The main influencing factors for 

the grouping were the soil type, the land use and elevation. This new regionalisation 

approach shows great potential in transferring parameters in between members of the same 

groups which can improve calibration of un-gauged catchments (Hundecha, Arheimer, 

Donnelly, & Pechlivanidis, 2016). 
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3 Methodology 

For this study the HYPE model (release 4.13.0) was chosen for the reason that it is an open 

source modelling software with relatively low complexity in comparison to many 

commercially distributed models. The reduced complexity allows simulations on an average 

personal computer with reasonable computing requirements for the proposed simulations. 

The fact that this model has been created to simulate hydrology in Sweden which has to 

some extend similar climatic conditions compared with Iceland is also an advantage. It 

performs snow modelling and is suitable for being set-up in un-gauged catchments. Lastly 

the potential of starting simulations without the need of a spin-up period by providing state 

updates for the simulation start may be of further advantage for later usage of the model for 

hydropower water management. 

3.1 HYPE Model Description 

The Hydrological Predictions for the Environment (HYPE) model is a rainfall-runoff and 

nutrient transfer model developed by the Swedish Meteorological and Hydrological Institute 

(SMHI). The implementation of the EU Water Framework Directive (WFD) which requires 

closer monitoring of water resources and the fact that eutrophication became a stronger 

problem in Sweden lead to the development of the HYPE model between 2005 to 2007. As 

nutrients follow the same pathways as water the model was created to simulate both in a new 

model fitted to the landscape and climate of Sweden. Sweden has many open water bodies 

and most of them are un-gauged so that the model needed to be able to simulate nutrients 

and water in un-gauged catchments with a high resolution in a comprehensive but time 

effective manner (Strömqvist et al., 2012). 

The HYPE model is designed to do hydrological simulations on a sub-catchment (also 

referred to as sub-basin) scale. Several sub-basins can build up a catchment. Within a sub-

basin the model simulates several hydrological systems which are: snow pack, soil layers 

(up to three vertically stacked soil layers), shallow ground water in the soil layers, rivers and 

lakes. Sub-basins are coupled by river flow routing and a regional ground water flow. The 

model additionally simulates classes which are non-located fractions of a sub-basin area 

characterised by a specific land use, vegetation, soil type or elevation. The main hydrological 

processes simulated by the model are snow accumulation and melting, evapotranspiration, 

surface runoff, macro-pore flow, tile drainage, ground water flow, river routing retention and 

outflow from lakes and reservoirs (Donnelly et al., 2014; Pers, 2016). 

The HYPE model, which is coded in Fortran 95, is embedded into the hydrological 

simulation system environment (HYSS) which manages the input and output of variables 

and which also is able to calibrate specific parameters in the model during a training and 

calibration run (Lindström, Pers, Rosberg, Strömqvist, & Arheimer, 2010; Pers, 2016). In its 

simplest form the only two runtime input variables are air temperature for each sub-basin 

and mean precipitation onto a sub-basin. 
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3.1.1 Snow Simulation 

The standard snow simulation module uses a basic degree day model for snow accumulation 

and melting. Precipitation is assumed to fall as rain above a certain air temperature and as 

snow below another threshold temperature. Between these temperatures mixed precipitation 

is assumed which is scaled linearly from rain to snow inside the temperature thresholds. The 

model can also be fed with another input variable, the snowfall fraction of the precipitation, 

which again has to be available for each time step and each sub-basin, equally to the 

temperature and precipitation variables. This variable defines the fraction of precipitation 

falling as snow and will replace the snowfall calculation method. Snow is simulated in only 

one homogeneous layer but the extent of the snow cover scales with the snow volume in the 

area. Melting uses the same threshold temperature below which precipitation falls as pure 

snow. If the air temperature is above this threshold the sensible energy flux, which leads to 

melting of the snow, is parametrised by the temperature difference between air temperature 

and the threshold temperature and scaled with a snow melting parameter (Equation (2)). The 

result is the amount of melted snow which is given in the units of mm water. An additional 

module can be used for including shortwave solar radiation in the snow and ice melt 

simulations. For this another time series of incoming shortwave radiation is needed and 

variables like the snow density and albedo are calculated by using simple day-age correlation 

curves. Thus the function for the albedo is 

 𝛼 = 𝛼𝑚𝑖𝑛 + (𝛼𝑚𝑎𝑥 − 𝛼𝑚𝑖𝑛) ⋅ 𝑒−𝑘⋅𝑡  (4) 

where 𝛼𝑚𝑖𝑛 and 𝛼𝑚𝑎𝑥 represent the minimum and maximum values for the albedo and 𝑘 is 

a parameter which scales the snow age 𝑡. The snow density is used to simulate the insolation 

probability of the snow for the soil temperature simulations while the albedo scales the 

amount of solar energy which is available for melting the snow pack. Snowfall on an old 

snow pack is assumed to reset the albedo age while the density is a mass weighted average 

of the age of old and new snow. The additional melting scales linearly with the solar 

radiation: 

 𝑀 = (1 − 𝛼) ⋅ 𝑄𝑆𝑅 ⋅ 𝑓 (5) 

The calculated melt water 𝑀, which besides of the albedo also uses a scaling parameter (𝑓), 

is added to the melt water calculated by the degree-day model of equation (2). The solar 

radiation model also brings in a refreezing equation which is refreezing meltwater relative 

to air temperatures below the threshold temperature of the degree-day model. Another 

parameter factor is introduced to scale the refreezing. As the threshold temperature of the 

degree-day model is used, only the melt water production by the solar radiation induced 

melting can be reduced by refreezing, the degree-day model does remain without refreezing. 

Melt water is directly routed to the infiltration into the soil while the snow pack itself is 

neither able to store water nor to refreeze melted snow (Pers, 2016).  

With turned off snow cover simulation the simulation covers the whole class equally 

regardless of the snow amount. When switched on, the model uses a special routine to 

simulate the snow cover extent of each sub-basin (Samuelsson, Gollvik, & Ullerstig, 2006). 

This implementation distinguishes between two periods for the snow cover extent, the 

accumulation period and the melting period. Snow accumulation is assumed to slowly 

increase the covered area using a tangent hyperbolic function 
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 𝑓𝑠𝑐 = 𝑓𝑠𝑐𝑚𝑎𝑥
⋅ tanh(0.1 ⋅ 𝑠𝑛𝑜𝑤) ≥ 𝑓𝑠𝑐𝑚𝑖𝑛

 (6) 

where 𝑓𝑠𝑐 is the fraction of the area in a class covered by snow and scales between a lower 

and an upper boundary (𝑓𝑠𝑐𝑚𝑖𝑛
 and 𝑓𝑠𝑐𝑚𝑎𝑥

). It is otherwise only dependent on the snow water 

equivalent (𝑠𝑛𝑜𝑤). When the snow cover in a class is close to completely filling the 

maximum potential area then the second phase starts. This switch happens, when the snow 

cover fraction is in the range of a parameter (𝑓𝑠𝑐𝑙𝑖𝑚
) to the maximum potential snow fraction 

area (𝑓𝑠𝑐 ≥ 𝑓𝑠𝑐𝑚𝑎𝑥
− 𝑓𝑠𝑐𝑙𝑖𝑚

). In the second phase the snow cover scales by 

 𝑓𝑠𝑐 =
𝑠𝑛𝑜𝑤

𝑠𝑛𝑜𝑤𝑚𝑎𝑥 ⋅ 𝑓𝑠𝑐𝑑𝑖𝑠𝑡

 ≤ 𝑓𝑠𝑐𝑚𝑎𝑥
 

(7) 

where 𝑠𝑛𝑜𝑤𝑚𝑎𝑥 is an updated variable to memorise the maximum snow water equivalent of 

the snow layer in the class and 𝑓𝑠𝑐𝑑𝑖𝑠𝑡
 is a parameter depending on the average terrain slope 

of the class. The change of the snow cover parameterisation is incorporating the tendency of 

snow drift where the absolute snow water equivalent is not a representative for the snow 

cover but the relation between snow water equivalent to the maximum snow water equivalent 

simulated in the snow pack. The maximum snow water equivalent is always reset back to 0 

when the snow in a class has completely disappeared. The scaling parameter 𝑓𝑠𝑐𝑑𝑖𝑠𝑡
 increases 

linearly with the average slope of the class (𝑒𝑙𝑒𝑣𝑠𝑡𝑑) 

 𝑓𝑠𝑐𝑑𝑖𝑠𝑡 = 𝑓𝑠𝑐𝑑𝑖𝑠𝑡,0
+ 𝑓𝑠𝑐𝑑𝑖𝑠𝑡,1

⋅ 𝑒𝑙𝑒𝑣𝑠𝑡𝑑 (8) 

where 𝑓𝑠𝑐𝑑𝑖𝑠𝑡,0
 and 𝑓𝑠𝑐𝑑𝑖𝑠𝑡,1

 are pre-set parameters. The resulting value may not exceed a 

maximum threshold also defined as parameter in the model. The value of function (8) 

increases with the slope of the terrain to simulate a stronger snow drift in steeper terrain. In 

the beginning of the spring melting period the value of 𝑠𝑛𝑜𝑤𝑚𝑎𝑥 is steadily reduced to 

simulate a progressive decline of the accumulated snow masses from the winter. The timing 

of this process as well as the speed are defined by parameters in the model. 

Glaciers in the model are defined with their own SLC class. It is assumed that glaciers 

initially cover the whole area of their class and the starting ice volume is calculated by the 

size of the class area. During the model run the glacier area is updated in size for the current 

ice volume. Volume and land cover area are interchangeable by the following equation 

 𝑉𝑔𝑙𝑎𝑐. = 𝑐1 ∗ (𝐴𝑔𝑙𝑎𝑐.)
𝑐2

   (9) 

The values 𝑉𝑔𝑙𝑎𝑐. and 𝐴𝑔𝑙𝑎𝑐. are the glacier volume and the glacier area while the other two 

variables are parameters which can be adjusted for each glacier. While its maximum extend 

is limited to the maximum size of the class, some area will become ice free during extensive 

glacier melting. Ice free area is simulated with its normal soil properties and when covered 

in snow it is simulated as snow field, instead of adding the snow to the glacier ice. Meltwater 

of the glacier is added to the infiltration into the soil underneath. Snowfall onto the glacier 

is directly converted into glacier ice and thus it is not effected by the snow melting methods. 

Glaciers use the same degree-day model as snow covers, though with glacier specific 

parameters and they use their own parameters when melting is enhanced by the additional 

solar radiation module. 
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3.1.2 Soil and Land-Use Classes 

Each class in the model represents one Soil type and Land-use Combination (SLC). An SLC 

is defined by a specific combination of soil and land-use. Thy can also contain elevation 

information for adjusted snow simulation. 

The soil is described by its depth and can be split up vertically into up to 3 stacked layers 

with individual depths and sets of soil parameters. Each soil layer consists of 3 water storage 

volumes which are described through the wilting point (wp), the field capacity (fc) (which 

excludes the wilting point water) and the effective porosity (ep) (the soil porosity reduced 

by the field capacity and wilting point storage). The soil layer is completely filled with water 

when all three storages are full of water. During fill up, first the storage below the wilting 

point is filled, then the field capacity and lastly the effective porosity. 

Land-use classes describe the boundary between atmosphere and soil and contain 

information about the vegetation, cropping and cropping cycles. An SLC is an individual 

combination of one soil type and one land use type, while in several SLCs the same soil type 

can be combined with different land use types and vice versa. Parameters are given for each 

soil type and each land-use type and thus apply to all SLCs which contain the same soil or 

land-use 

3.1.3 Soil Water 

All fluxes to and from the soil are visualised in Figure 6. The potential infiltration is given 

by the sum of rain water and meltwater while the actual infiltration is capped by the 

infiltration capacity threshold. Water which cannot be infiltrated due to the infiltration 

capacity is diverted into surface discharge and macro-pore flow, if the water content of the 

top soil layer is high enough. Remaining water which is not discharged or used up in the 

macro-pore flow is eventually still infiltrated into the top soil layer. Other than the lower soil 

layer, the top soil layer can take up more water than its maximum storage capacity. The 

additional water is accumulated on top of the soil layer in pools and slowly discharged in 

surface runoff. Macro-pore flow will convey water right to the groundwater level, skipping 

soil layers in between. 

Potential evapotranspiration in its standard implementation in the model is described as a 

proportion to the temperature difference between the air temperature and the threshold 

temperature above which snow starts to melt. Evapotranspiration only happens from the top 

two soil layers while the potential evaporation decreases exponentially with the soil depth 

and is scaled by parameters for the vegetation type. The actual evapotranspiration is scaled 

by the fill stage of the field capacity in each soil layer. No evaporation is simulated for an 

empty field capacity, while the evapotranspiration is equal to the potential maximum 

evapotranspiration for a full field capacity. 

Water in the effective porosity can percolate to lower levels when these are not completely 

full. Deep percolation of water from the lowest soil layer to an aquifer might be calculated 

if the aquifer module is activated and the respective sub-basin is connected to a defined 

aquifer. 
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Figure 6: Schematic of all standard and addable (dashed lines) fluxes into and from the soil 

in the HYPE model. 

3.1.4 Water Routing 

Water routing is done on two levels. In a sub-basin unit, soil and surface runoff is transferred 

to the local rivers which partially feed local lakes and the main river. Each sub-basin is 

connected to one main river and potentially to one outlet lake. Main rivers receive their water 

from upstream sub-basins, local rivers and lakes and from the return flow of aquifers. The 

river flow consists of a delay which holds back the transported water by a set time and an 

attenuation which smooths the peak of discharge by delaying discharge partially. Local lakes 

receive a fractional amount of local water discharge and outflow lakes receive water from 

the whole sub-basin, the main river and parts of the ground water flow. Lakes are defined by 

a mean depth and an area. A water level higher than the mean depth leads to discharge which 

is equivalent to the water level exceeding the mean depth. Lakes have their own class and 

area in a sub-basin so that they receive water from precipitation and lose evaporation water. 

Rivers may either be defined as classes to have an area extent and to catch precipitation 

water or they may be defined as single lines with no area extend. 

3.1.5 Groundwater Flow 

The model may also simulate groundwater flow which transports part of the groundwater 

from one sub-basin to the next downstream one. By default, the ground water flow has the 

same sub-basin routing as the surface flow but information for a different routing can be 

added in the model setup. Groundwater is extracted from the lowest soil layer and introduced 

from the bottom into the next sub-basin increasing its groundwater table – if a soil layer is 

completely filled up the next higher one receives the remaining water. Outflow lakes may 

receive a part of the groundwater flow. The ground water simulation is provided in an extra 

module in HYPE and deactivated by default. When activated as so called “deepground 

module 1” an additional parameter is required for the simulation which defines the fraction 
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of water of the effective porosity which will be extracted for the groundwater simulation. 

This simulation will always happen up first in all simulation time steps. 

Another ground water module which can be used is the aquifer module which is defined as 

“deepground module 2” in HYPE. Differently from the first module ground water is not 

transported between the soil pore spaces of adjacent sub-basins but is transported through a 

simulated aquifer. An aquifer is a separate unit which can be linked to several sub-basins 

parallelly. One sub-basin, in contrast, can only be linked to one aquifer. Connected sub-

basins can provide water to the aquifer through deep percolation and can receive water in a 

return flow to their main river courses. Water available for deep percolation is only the water 

in the effective porosity of the soil. When set to contributing, a sub-basin loses a fraction of 

water out of the effective porosity to deep percolation. This fraction is given by a parameter 

which can be either the global parameter which is also used in the deepground module 1 or, 

if provided, a separate parameter which is soil type dependent and overrides the global 

parameter. The water of all contributing sub-basins is combined and can be delayed. The 

delay is a parameter set for each defined aquifer and describes the amount of days until 63 % 

(1 − 𝑒−1) of the water is passed through. Thus the recharge rate to the aquifer is calculated 

as 

 𝑞𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒(𝑡) = (1 − 𝑑) ⋅ 𝑞𝑝𝑒𝑟𝑐 + 𝑑 ⋅ 𝑞𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒(𝑡 − 1) (10) 

where 𝑡 is the simulation time step, 𝑞𝑝𝑒𝑟𝑐 the calculated percolation as fraction of the water 

extracted of the effective porosity and d the delay factor which is defined as 

 𝑑 = 𝑒
−1

𝑑𝑒𝑙𝑎𝑦𝑝𝑎𝑟⋅Δ𝑇 (11) 

The variable 𝑑𝑒𝑙𝑎𝑦𝑝𝑎𝑟 is the delay parameter set for the aquifer and Δ𝑇 is the amount of 

simulation time steps per day in the model. The recharge flow is added to the water volume 

of the aquifer which has a predefined lateral extend and a maximum depth below the surface. 

Using another predefined parameter for the aquifer, the average porosity, the water level 

below the surface is calculated as representation of the aquifer water volume. The return 

flow is calculated as a fraction of the total water in storage which uses a fraction parameter 

set for the aquifer. Lastly the such defined return flow is divided up into the individual 

fractions for each receiving sub-basin and added to the respective main river water courses. 

More details are available in the model description (Pers, 2016). 

3.2 Model Setup and Base-Run Experiment 

The model catchment was set up by using data from National Land Survey of Iceland 

(Landmælingar Íslands, 2017). Their spatial data provides a gridded Digital Elevation Model 

(DEM) of 10x10 m resolution as well as polygon shape-files for water runs, lakes and 

glaciers and CORINE 2012 land use classifications. 

3.2.1 Sub-basins 

In order to create smaller areas in the catchment which can be used as the sub-basin areas 

for the HYPE model 29 pour points were set throughout the main river runs. Two criteria 

were followed while placing these pour points. First, all sub-basins should have a similar 
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size to prevent errors in the groundwater routing. The base groundwater module (deepground 

module 1) is taking out water at the bottom layer in one sub-basin and introduces it into the 

bottom layer of the receiving downstream sub-basin. Thus having great differences in size 

of supplying and receiving sub-basin can cause under or over saturated condition which can 

cause simulation errors. Secondly, the pour points were placed such that the outflow of a 

sub-basin is right above a river fork. With this, all inflowing rivers to the next sub-basin are 

combined to one and routed the same ways. This is desirable as only one main river can be 

defined for each sub-basin through which all the water coming from upstream is routed. 

Having inflows with different rivers in the same downstream sub-basin will require 

compromises in the definition of the main river as it needs to combine all inflows. 

Several steps were needed to be done in order to create sub-basins using the GIS tool ArcMap 

by Esri©. Everything bases on one DEM for the whole catchment. The very first step used a 

fill method to alter the DEM such that no internal sinks in the catchment remained. This was 

done by increasing the elevation in ditches without changing the relief of the surrounding 

area. Resulting of this is the so called watershed corrected DEM. With this the stream 

direction was determined using a slope aspect tool which determines for each cell of the 

DEM the corresponding neighbouring cell (of the 8 surrounding cells) in which the cell 

would discharge according to the topographic slope. A stream accumulation tool was chosen 

to sum up the amount of upstream cells of each cell in the DEM according to the stream 

directions. The majority of the cells in the resulting grid had a low amount of upstream cells 

while a few had a large number of upstream cells (the streams and rivers). In order to extract 

streams and rivers from this grid a threshold of a minimum amount of upstream cells was 

set in a filter. Streams need at least 5,000 upstream cells while rivers were defined as cells 

with at least 50,000 upstream cells. According to these stream and river definitions the pour 

points were set with main focus on river forks and a second focus on inflows of steams into 

rivers in areas where river forks were too far apart. Eventually, sub-basins were created using 

the Watershed tool which combines all upstream grid cells of one point (one of the set pour 

points) to a watershed area according to the stream direction. Manual adjustments were 

applied at positions where the river run mapped by the GIS tool did not agree with the actual 

river run and at the boundaries of the catchment where the use of the fill methods for 

watershed adjustments of the DEM led to artificial water divides. 

In total this method allowed the creation of 29 sub-basins (Figure 7). Additionally, another 

4 catchments were defined for the glaciers as they need separate handling in the model. 

Vatnajökull which has several river outlets fell into two previously defined sub-basins and 

thus was split up into two individual units. 
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Figure 7: The sub-basins defined for the implementation of the catchment in HYPE, each 

with its individual id number used in the model setups (ids 51 to 54 are the glacier sub-

basins) and with the water flow directions between sub-basins (red arrows). 

3.2.2 Soil and Land-Use Combinations 

Three Soil and Land-use Combinations (SLC) were defined for the model setup. These 

contain two special classes predefined in HYPE, the main river class and the glacier class. 

The main river class allows direct conversion of precipitation water into discharge. Where 

this class is not defined main rivers are still simulated but only treated as one-dimensional; 

which means they transport water but they do not have a surface area to collect precipitation. 

Glacier classes needed to be defined in order to simulate the processes on a glacier. Glacier 

simulation comes with extra parameters of which most are predefined with standard value. 

For this setup the predefined values were used as described in the HYPE description manual 

(section par.txt, in Pers, 2016) except of the values needed for the glacier degree day model. 

The last SLC defines the soil in the whole catchment. It is generally assumed to be a barren 

gravel and sand like soil with no dominant vegetation. HYPE allows a soil description of up 

to 3 vertically staged soil layers. As not much was known about the soil in the study area 

and most parameters were based on assumptions only one soil layer was simulated to reduce 

the amount of parameters in the simulation and to allow easier calibration. A general soil 

depth of 10 m was chosen for the whole catchment as groundwater has shown to be a big 

part of the water system in the catchment and thus to allow the model to simulate variating 

ground water levels and fluxes. In the model catchment definition, the sub-basins were either 

completely covered by the glacier SLC (for the glacier areas) or they were covered by the 

soil SLC with adjustments wherever there are river areas defined in the CORINE dataset or 

in the river polygon file. 
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3.2.3 Meteorological Input Data 

Meteorological input data for the HYPE model needs to be given for each defined sub-basin 

individually and requires a valid (non-missing) value per variable for each simulation time 

step. Input for surface temperature (2 m temperature) and precipitation are mandatorily 

required while additional variables may be provided to allow the use of advanced modules 

for certain routines of the model. In this project reanalysis data of the meteorological 

atmospheric model HARMONIE (Icelandic Met Office, 2015) was used as the input forcing 

for the HYPE model setup. 

The HARMONIE model is a non-hydrostatic spectral model developed by the HIRLAM 

(High Resolution Limited Area Model) consortia which is a collaboration of National 

Meteorological Services (NMSs) in Europe. The foundation of the model was created in 

cooperation with the ALADIN consortium and Météo-France. The non-hydrostatic 

formulation of the model allows simulation of vertical acceleration in the atmosphere and 

hence the simulation of convection processes which allows detailed precipitation simulation 

(Driesenaar, 2009). This also permits simulations on finer horizontal resolutions like the one 

which was chosen to be 2.5 x 2.5 km2 for the Icelandic HARMONIE model. This model was 

nested in the large scale reanalysis model of the ECMWF (European Centre for Medium-

Range Weather Forecasts) while data assimilation was done with local weather stations in 

Iceland. 

While the HARMONIE model would be capable to produce data with great accuracy for 

further high quality discharge simulation in HYPE it was nonetheless developed and 

operated for the whole country of Iceland. This results in the fact that the model calibration 

was done for accurate simulations for the whole country and with high priority focus on 

areas of greater interest for the Icelandic population. Eventually this probably results in 

better simulation accuracy in most populated areas while the model might lag in precision 

of simulation results for the Icelandic highlands in which the Tungnaá catchment is located. 

The orography and effects of the glaciers make weather simulations much more difficult to 

analyse in this area which needs more model adjustments than open area weather simulation 

to gain the same accuracy in its results. Thus inaccuracies could be expected as only a few 

meteorological weather stations were located around this area to nudge the model simulation 

in the reanalysis. As the grade of the model accuracy was unknown it was generally assumed, 

though, that the meteorological data is fairly accurate in reproducing the atmospheric state 

in the catchment with negligible errors. This also means that the model results which are 

discussed later in this thesis could potentially improve if the modelling error of the 

HARMONIE model is known specifically for the catchment area. 

The meteorological data was available in an hourly resolution which was therefore also used 

as the time step size for the forcing data set und the step size of the HYPE model runs. The 

HARMONIE model produces data on a 2.5 x 2.5 km2 grid and hence on a much smaller 

horizontal resolution than the defined sub-basins. For the creation of the forcing data set, 

average values of each individual sub-basin were needed, which were created for all grid 

cells which fall into this sub-basin. The grid cells of the HARMONIE data were weighted 

by their area inside the sub-basin if they only partially fell into it. For the temperature 

averages, the altitude differences between the average grid cell height and the mean height 

of the sub-basin were taken into account and the temperature values were corrected with a 

fixed lapse rate before creating the averages. This lapse rate was found out to differ between 

areas of the catchment and between seasons. The lapse rate was defined by deriving linear 
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fits for the temperature and height relation of all grid cells of the meteorological data set 

which fell in the same sub-basin area. The so derived lapse rates changed quite a lot between 

time steps for most sub-basins and for better handling monthly averages were considered. 

Great differences became obvious between the lapse rate averages of the different sub-

basins. The lapse rate on Vatnajökull stayed nearly constant the whole year long with values 

between 0.7 and 0.8 °C/100m which is close to a saturated adiabatic lapse rate (0.65 

°C/100m). All the areas in the vicinity of Vatnajökull though showed a completely different 

behaviour with a generally relatively low lapse rate in winter of just about 0.2 °C/100m and 

a high lapse rate in summer of about 0.9 °C/100m which gets close to dry adiabatic 

conditions (sub-basins 42, 44, 45, 46, 48 and 50 in Figure 7). All the other areas, including 

the two smaller glaciers in the south west showed a similar annual change in the lapse rate 

though with lower values of about 0.1 °C/100m in winter and 0.7 °C/100m in summer. In 

order to incorporate these different conditions a lapse rate was defined for the winter months 

October to March and another lapse rate was used for the summer months April to 

September. Additionally, 3 groups were formed with different lapse rates for summer and 

winter. These groups correspond to the findings described above and the lapse rates used are 

listed in Table 3-1. 

 

Table 3-1: The lapse rates used for the creation of the temperature forcing set. 

Sub-basin IDs Summer lapse rate Winter lapse rate 

 [°C / 100 m] [°C / 100 m] 

53, 54 0.71 0.80 

42, 44, 45, 46, 48, 50 0.89 0.22 

all remaining 0.55 0.10 

Summer refers to the months April to September and winter to October to March. 

 

Two extra forcing data set were created in addition to the two mandatory ones (temperature 

and precipitation). One described the fraction of precipitation which fell as snow while the 

other one contained information of incoming solar radiation. When this information about 

snow fraction is not provided the model will assume all precipitation below the set threshold 

temperature of the snow degreed-day model to fall as pure snow. The HARMONIE model 

distinguishes between three different precipitation types: rain, graupel and snow. For the 

creation of the precipitation data sets the total precipitation was the sum of all three data sets 

while the snow fraction was only created by the snow precipitation and graupel was added 

as part of pure rain. The solar radiation data set was also created by area weighted averages 

of the overlapping grids of the weather model and the catchment sub-basins. It was only used 

in a few model experiments which used the solar radiation energy for additional snow 

melting. 

3.2.4 Parameters 

Several parameters can be defined in the model and need to be adjusted. For this a first setup 

was created which included a variation of only the most basic parameters. This reduced the 

amount of parameters which needed initial calibration. Parameters which cannot be 

calibrated are the basic definition of the Soil and Land-use combinations (SLCs) which 
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includes the amount of soil layers and their depths, the grouping of land-use and soil between 

the SLCs and the streaming depth, the depth which defies the minimum water table of the 

groundwater for soil water discharge to the local river system. To simplify the model, the 

first assumptions made were that all three SLCs have exactly the same soil and land-use 

classes so that for both soil and land-use dependent parameters only one set of values was 

needed. Furthermore, all soil layer depths were defined as 10 m with only 1 soil layer to 

further reduce the amount of necessary parameters. Vegetation was not considered in the 

model but evapotranspiration is simulated as one process in the model and the calibration of 

the respective required parameter includes potential transpiration water fluxes. 

The following describes the chosen parameters for the model setup which could be 

calibrated. Available water storage in the soil is defined as a volume fraction of the whole 

soil. The parameters for field capacity (wcfc) and the effective pore space (wcep) (also called 

effective porosity; the porosity reduced by the field capacity) were set and calibrated while 

the wilting point was ignored as not further emphasis was laid on vegetation simulation. The 

two dominant soil types in the study area are Vitrisol and Andosol. No soil study had been 

done directly in the Tungnaá catchment so that the parameters were defined by values drawn 

from other study sites in Iceland with similar soil types. A study in the test area Gunnarshold 

found values for the field capacity of vegetated Andosol in the range of 39 to 45 %v and a 

porosity of about 66 %v (Strachan, Sigurdsson, & Mc Caughey, 1998). More general values 

which summarised soil studies from all around Iceland and thus gave a larger range for 

possible values were found in another report (Arnalds, 2015). This review defined a range 

for the field capacity of Brown Andosol between 30 to 100 %m and for Vitrisol between 5 

to 40 %m. As these values were given in mass-percentages – water mass divided by the dry 

mass of the soil – they needed to be converted into volumetric-percentages for the model. 

For this the bulk density was assumed to be 0.69 g/cm3 for Andosol and 1.20 g/cm3 for 

Vitrisol (Óskarsson, Arnalds, Gudmundsson, & Gudbergsson, 2004). Thus the volumetric-

percentage lay in the range of 20 to 69 %v for Andosol and 6 to 48 %v for Vitrisol. The 

porosity of Vitrisol was unknown but because of its big portion of 80 %v loamy sand and 

sandy loam mixture which has an average porosity of 38 %v a similar value was assumed for 

the Vitrisol in the catchment (Missouri Risk-Based Corrective Action Process for Petroleum 

Storage Tanks. Soil Type Determination Guidelines, 2005). 

Further soil parameters are the regression fraction of pooling water on the soil surface which 

is discharge into surface runoff (srrcs), the fraction for surface runoff of precipitation water 

which exceeds the infiltration capacity (srrate) and the fraction of precipitation water, which 

exceeds the maximum infiltration, which is directly seeping down to the soil groundwater as 

macro-pore flow (macrate). Precipitation caused surface runoff and macro-pore flow are 

only active when the potential infiltration (precipitation + snow melt) exceeds the infiltration 

capacity which is gives as another soil type depended parameter (mactrinf).  

 

𝑖𝑛𝑓𝑖𝑙𝑡 = 𝑚𝑒𝑙𝑡 + 𝑝𝑟𝑒𝑐𝑖𝑝 

𝑓𝑙𝑜𝑤𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒 = 𝑚𝑎𝑐𝑟𝑎𝑡𝑒 ⋅ (𝑖𝑛𝑓𝑖𝑙𝑡 − 𝑚𝑎𝑐𝑡𝑟𝑖𝑛𝑓) ≥ 0 

𝑓𝑙𝑜𝑤𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑠𝑟𝑟𝑎𝑡𝑒 ⋅ (𝑖𝑛𝑓𝑖𝑙𝑡 − 𝑚𝑎𝑐𝑡𝑟𝑖𝑛𝑓) ≥ 0 

𝑖𝑛𝑓𝑖𝑙𝑡 = 𝑖𝑛𝑓𝑖𝑙𝑡 − 𝑓𝑙𝑜𝑤𝑚𝑎𝑐𝑟𝑜𝑝𝑜𝑟𝑒 − 𝑓𝑙𝑜𝑤𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

(12) 

If macrate + srrate is larger than one, both values are normalised by their sum. If their sum 

is less than 1, the remaining water is still infiltrated into the top soil layer, although the 
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infiltration capacity is exceeded. Additionally, both flows only happen when the soil water 

content in the upper soil layer is larger than another threshold, described by the parameter 

(mactrsm). 

The coarse soil in the catchment allows even strong precipitation events to fully infiltrate 

into the ground without any larger surface runoff. Thus the maximum infiltration capacity 

was supposed to be relatively high and the parameters for precipitation surface runoff and 

macro-pore flow of less importance as they only occur when the infiltration capacity is 

surpassed. Intense measurements of soil infiltration where performed in south-west Iceland 

for different soil and vegetation cover types (Orradottir, Archer, Arnalds, Wilding, & 

Thurow, 2008). Although all their tested soil types have a higher clay content than the 

dominant Vitrisol in the Tungnaá catchment their values gave a rough guidance for a 

parametrisation in the model. Their study found out a difference between summer and winter 

infiltration, where the terminal infiltration rate was higher in summer than in winter due to 

soil ice formations. Their research gave values in the range of 3 to 306 mm h-1 for winter 

infiltration and 28 to 369 mm h-1 for summer infiltration. Their highest values were 

measured in birch forests which diverts strongly from the catchment land cover but from 

their measurements a value between 100 to 250 mm h-1 was a good assumption for 

infiltration all year long in most of their other study sites and thus this range was adopted for 

HYPE model calibration. As the whole catchment only had one soil layer defined, the macro-

pore flow was not needed and thus it was set to 0. The two fraction parameters for surface 

runoff were scaled between 0 and 1 and needed to be calibrated as no equivalent value could 

be drawn from literature. The same applied to the minimum soil water content threshold. 

Further parameters were needed for the degree-day model for snow. It needs the minimum 

threshold temperature above which snow melting starts (ttmp) and the correlation factor, the 

degree-day factor (cmlt), which scales the discharge caused by an air temperature higher 

than the threshold value. The threshold temperature was assumed to be slightly above 0 °C 

and a calibration range of -1 to 2 °C was chosen for it. For the melting correlation factor a 

calibration range between 0.12 and 0.23 mm °C-1 h-1 was chosen, as described in the next 

paragraph below. Another parameter, which also depends on the threshold temperature ttmp, 

is the correlation for evapotranspiration (cevp) which defines the evapotranspiration water 

in relation to the air temperature exceeding the threshold value. Evapotranspiration is 

relatively small in the catchment as the transpiration part is mostly neglectable due to the 

missing vegetation and evaporation is small because of the quickly infiltrating water. Only 

the open surface water in lakes and in the river have noteworthy evaporation fluxes at 

warmer air temperatures. The evapotranspiration factor was thus assumed to be small. The 

HYPE model start-up guide provided a first guess range for this factor between 0.1 to 

0.3 mm °C-1 day-1 which corresponds to 0.04 to 0.13 mm °C-1 h-1. This range was also 

chosen for the initial calibration with the expectation of a calibration of this parameter 

towards the lower end of the range.  

Glacier melting uses the same degree-day model as snow melting but with two separate 

parameters. A recent study on parts of the Langjökull emphasized the importance of the 

temperature threshold as this may divert from the general assumption of 0 °C. The fact, that 

solar radiation is the main contributor to glacier melt, providing about two thirds of the melt 

energy, led to  the conclusion that a negative threshold of about -1 °C was more accurate for 

their study site (Matthews & Hodgkins, 2016). Similar results were shown for the glacier in 

the west of Hofsjökull where the best fit for their positive degree-day model had a negative 

threshold temperature of -0.5 °C (Jóhannesson, 1997). They concluded though that a 
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threshold factor of 0 °C would still be sufficient enough which would be similar to their 

parameters retrieved from modelling of the north-east of Hofsjökull. The degree-day factors 

they found lay at 4.95 and 7.56 mm °C-1 day-1 for ice on the west and north side of the glacier 

and at 4.5 and 5.6 mm °C-1 day-1 for snow respectively. In a previous study for 3 glaciers in 

Greenland, Norway and Iceland, which included the simulation of the north side of 

Hofsjökull (Jóhannesson, Sigurdsson, Laumann, & Kennett, 1995), degree-day factors in a 

range around 2.8 to 5.6 mm °C-1 d-1 for snow and 6.4 to 7.7 mm °C-1 d-1 for ice were found. 

Another recent study for Langjökull calibrated degree-day parameters to temperature 

measurements outside of the glacier with an assumed constant lapse rate of 0.6 °C/100m 

(Guðmundsson et al., 2003). A threshold temperature was not used in their study but the 

correlation factors were between 6.0 to 8.1 mm °C-1 day-1 for ice and 5.3 to 

6.3 mm °C-1 day-1 for snow. While the higher values were relevant for lower altitudes, the 

lower values were more accurate in higher altitudes. Direct values for Vatnajökull were not 

available but it was assumed that its values are relatively close to the ones of the previous 

research on Hofsjökull. The values for Langjökull in the last reference were slightly higher 

than the value of the other studies. This, with the fact that they set up the degree-day model 

differently with temperature measurements outside of the glacier, resulted that their values 

were not considered for the calibration range of the degree-day factors for this model setup. 

For the HYPE model a parameter set for the glacier was created with a threshold temperature 

of 0 °C and a melting factor of 0.3 mm °C-1 h-1. No negative temperature was used due to 

the lack of refreezing in the HYPE model. The values were not calibrated to reduce the 

tendency of HYPE to calibrate glacier melt to make up missing groundwater contribution to 

the river. The parameters of the snow degree-day model were calibrated, though, and used a 

degree-day factor range between 0.12 and 0.23 mm °C-1 h-1 as derived of the literature values 

above. 

Soil temperature and thus soil ice was not considered in this model setup as this would have 

required a variety of parameters concerning deep soil temperature, soil temperature memory, 

parameters for snow insolation and weighting factors to calculate the new soil temperature. 

Soil ice simulation additionally needs parameters for the ice depth-temperature relation. 

Lake and river temperatures were ignored as well as again parameter for different heat 

exchanges and ice formations were needed. 

Parameters for the river discharge were given as the river velocity (rivvel) and the river 

damping (damp). Both values have a strong influence on the discharge and thus were purely 

calibrated to achieve a good model result. The range for their calibration was set to 0.01 to 

2 for both variables which came from preliminary tests of the model. 

Another parameter was used to scale the precipitation input to the model (pcaddg) to adjust 

the input of water to the catchment. It was considered to further increase the model 

performance and was calibrated between -0.5 to 1. This parameter is scaling the precipitation 

in the model as follows: 

 𝑝𝑟𝑒𝑐𝑖𝑝 = 𝑝𝑟𝑒𝑐𝑖𝑝 (1 + 𝑝𝑐𝑎𝑑𝑑𝑔) (13) 

Snow cover areas were calculated with the standard parameters of Samuelsson and the snow 

melting efficiency was set to scale linearly with snow cover (Samuelsson et al., 2006). 

Groundwater was simulated with the “deepground module 1” which defines a fraction 

parameter of soil water in the effective porosity that is taken out of one sub-basin and 
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reintroduced in the next downstream sub-basin. The amount of water taken out of the 

effective porosity is scaled by a retention coefficient (rcgrw). Values for this parameter were 

not available in the literature and thus this parameter was calibrated. A similar parameter 

was given for the water drainage of the soil into a drainage ditch and the HYPE quick start 

guide recommended a range for this parameter between 0.002 to 0.02. Outgoing from this a 

range testing showed that the parameter should be lots smaller due to the deep depth of the 

soil defined in the setup and a range of 0.0002 to 0.02 was chosen instead in the calibration 

process. 

3.2.5 Calibration 

Calibration of the model was done by the internal calibration method in HYSS for a selection 

of parameters in the parameter file “par.txt” which are listed in Table 3-2. It was run for the 

time period 1989 to 2010. Before 1989 no discharge observations were available for 

calibration and the years from 2011 to 2015 were supposed to be used later for testing the 

forecast ability of the model so that this period could not be used for calibration either. 

The experiment is further referred to as the “Base-Run” experiment using the setup described 

in Sections 3.2.1 to 3.2.4 (the Base-Run setup). The intention of the Base-Run was to 

evaluate the ability of the HYPE model to simulate discharge from the catchment with 

simple model assumptions and parameters selections which were relatively close to reality 

or results of other studies. 

Table 3-2: The model parameter calibration ranges of all parameters used in the calibration 

of the base model and their calibration standards deviation values. 

Variable Calibration range calibration 𝝈* 

wcfc [0.05 – 1] 0.01 

wcep [0.01 – 0.65] 0.01 

srrcs [0 – 1] 0.01 

srrate [0 – 1] 0.01 

mactrinf [3 – 370] 1 

cmlt [0.12 – 0.23] 0.01 

ttmp [-1 – 2] 0.01 

cevp [0.04 – 0.13] 0.01 

rivvel [0.01 – 3] 0.01 

damp [0.01 – 3] 0.01 

pcaddg [-0.5 – 1] 0.1 

rcgrw [0.0002 – 0.02] 0.0001 

   

   

* the standard deviation 𝜎 is an additional parameter needed for the Markov chain in the 

calibration process. 

 

The HYSS environment includes a variety of calibration methods. For this setup the so called 

differential evolution Markov Chain (DE-MC) method was chosen as it contained the most 

insightful literature on how to use it in the HYPE modelling environment. It is based on the 

method of (Ter Braak, 2006) and uses a genetic algorithm to improve parameter values in 
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relation to a performance function. The performance index used in the model is the Nash-

Sutcliffe Efficiency (NSE) which is derived by the HYPE model directly. The NSE is 

calculated between the simulated discharge at the catchment outlet and the observed 

discharge time series. The NSE was first introduced to measure the efficiency of river flow 

modelling (Nash & Sutcliffe, 1970). The value compares the total absolute differences 

between the simulated values (𝑄𝑐) to the observations (𝑄𝑜) 

 𝐹1
2 = ∑(𝑄𝑐,𝑖 − 𝑄𝑜,𝑖)

2

𝑖

 (14) 

with the total absolute differences of the observations to the mean value of all observations 

(𝑄𝑜
̅̅̅̅ ) 

 𝐹2
2 = ∑(𝑄𝑜,𝑖 − 𝑄𝑜

̅̅̅̅ )
2

𝑖

 (15) 

Furthermore, the efficiency factor is then calculated with the two total differences above in 

the form of 

 𝑅2 =
𝐹2

2 − 𝐹1
2

𝐹2
2  (16) 

where the highest possible efficiency is indicated with a value of 1, which represents a 

complete match between simulated and observed data. An efficiency of 0 signifies that on 

average the simulations are only as accurate as the mean value of all observations and any 

efficiency below 0 means that using the mean value of the observations bare less errors than 

the simulated values. In a modelling environment the Nash-Sutcliffe efficiency is also often 

written in the form 

 𝑅𝑁𝑆
2 = 1 −

∑ (𝑄𝑐,𝑡 − 𝑄𝑜,𝑡)
2𝑁

𝑡=1

∑ (𝑄𝑜,𝑡 − 𝑄𝑜
̅̅̅̅ )

2𝑁
𝑡=1

 (17) 

where 𝑡 indicates a time step with both, available observation and model simulation, and 𝑁 

the number of all simulation time steps with available observation reference values. 

Calibration is done by using a differential evolution genetic algorithm which runs over a pre-

set amount of simulations defined as the product of two parameters, ngen and npop (Storn 

& Price, 1997). The population amount (npop) indicates how many different parameter 

constellations are simulated in parallel. After all populations are simulated/tested their 

parameters are recombined by specific rules in the so called mutation and crossover 

processes to create parameter sets for a new generation. This child or offspring generation is 

then member of the next generation (generation counter increased by 1). The recombination 

of the parent populations for the offspring in the model is more efficient then trying to find 

an optimum parameter set created just of random numbers. The parameter for the amount of 

generations (ngen) defines how often new child generations are created and thus how long 

the optimization will take. 

Each individual in one population consists of a parameter vector which has the length of the 

amount of parameters which need to be adjusted (𝑁). 
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 �⃑�𝑖,𝐺 = 𝑥𝑛,𝑖,𝐺 {
𝑛 = 1, 2, … , 𝑁
𝑖 = 1, 2, … , 𝑛𝑝𝑜𝑝

𝐺 = 1, 2, … , 𝑛𝑔𝑒𝑛
 (18) 

All individuals in the first generation are randomly created by using a uniform probability 

distribution to get a random value for each parameter in its defined bounds. After each 

individual was tested for its performance (Nash-Sutcliffe efficiency) they are mutated. In 

this step a mutated vector (�⃑⃑�𝑖) is created for each individual �⃑�𝑖,𝐺 in the current generation 𝐺. 

 �⃑⃑�𝑖 = �⃑�𝑖,𝐺 + 𝐹 ⋅ (�⃑�𝑟1,𝐺 − �⃑�𝑟2,𝐺) + 𝑒  (19) 

The values 𝑟1 ≠ 𝑟2 ≠ 𝑖 are two random integers to choose two different individuals of the 

same generation and 𝐹 – with typical range of [0.5, 2] – is a fixed scaling factor. With this 

equation (19) yields a simple Markov chain where the step size is represented by the scaled 

difference between two other individuals. The probability for addition and subtraction is 

equivalent as it is equally probable for the values of 𝑟1 and 𝑟2 to be drawn in reverse order. 

Equation (19) contains another parameter 𝑒 which is drawn from a normal distribution with 

small variance, but unbounded support. 

 𝑒𝑛 = 𝑁(0, 𝜎𝑛)𝑛 (20) 

This parameter 𝑒 is introduced to ensure that the whole parameter space can be reached. The 

standard deviation (𝜎𝑛 in Table 3-2) for the normal distribution is given additionally to the 

parameter ranges, individually for each calibration parameter in the calibration file. 

The offspring generation is then created by randomly choosing for each parameter whether 

the value of the parent individual remains or the newly mutated one is taken. 

 𝑥𝑛,𝑖,𝐺+1 = {
𝑢𝑛,𝑖, 𝑟𝑛 ≤ 𝐶𝑅

𝑥𝑛,𝑖,𝐺 , 𝑟𝑛 > 𝐶𝑅
 (21) 

For this a random vector 𝑟𝑛=1,…,𝑁 𝜖 [0,1] is created and 𝐶𝑅 𝜖 [0,1], a pre-defined parameter, 

defines the probability – as fraction between 0 and 1 – of the mutated parameter (𝑢𝑛,𝑖) being 

taken over the parameter from the parent individual. To ensure that the child individual is 

never completely equal to the parent individual, additionally, one random parameter of the 

mutated vector is transferred: 

 𝑥𝑟,𝑖,𝐺+1 = 𝑢𝑟,𝑖 | 𝑟 𝜖 {1, 2, … , 𝑁} (22) 

This such created offspring generation is then tested for its performance and each individual 

is compared to its parent in the selection process. If the performance of an individual in the 

current generation is better than its parent individual, then it will remain in place. Otherwise, 

when the performance of the parent individual is higher, then the parent individual will 

replace the offspring for the next mutation process. This behaviour can be tweaked a little 

bit by an extra acceptance parameter which scales from 0 to 1, where a value of 0 only allows 

child individuals to remain if they are better than their parents and a value of 1 results that 

all offspring individuals remain, regardless of their performance in comparison to their 

parents. 
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Parameters specific for the chosen DE-MC calibration method in the Base-Run setup are 

shown in Table 3-3. 

Table 3-3: Parameters specific for the DE-MC calibration method. 

Parameter Value Description 

npop 25; 50 population size (different between calibrations) 

ngen 1,000 number of generations 

gammascale 1 mutation scaling factor (𝐹) 

crossover 0.5 probability for taking mutated parameter (𝐶𝑅) 

sigma 1 global scaling factor for standard deviations (𝜎𝑛) 

accprob 0 acceptance probability of child individual  

(0 = only accept better performing; 1 = always 

accept child individual) 

 

Five independent calibration runs were performed on 3 computers. Several runs were 

performed to lower the risk of reaching local optima for all parameters. The runs were split 

up in two groups. The first group contained three runs and used a population size of 25 

(further referred to as “x25” runs) while the other group with two simulation runs had a 

population size of 50 (“x50” runs). With this the calibration efficiency could be tested for 

later experiments. Except of one x25 run which was cancelled earlier because of 

performance issues on the computer all models were run constantly for 4 days. After the 4 

days all runs were stopped manually. 

 

Figure 8: Calibration performance by generation (left) and by individual (right) for 

calibration runs with population size of 25 and 50. 
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Figure 8 shows a comparison of all five runs’ performance improvements for each new 

generation (left) and for each single individual (right). As the x50 runs had double the 

individuals per generation than the x25 runs the improvement per generation was much 

steeper for them but for the cost of a doubled simulation time. After about 100 generations 

the performance level for both population sizes did not differ from each other too much 

which made the x25 runs more efficient as they only needed half of the individuals (and thus 

half of the time) to get roughly the same results. After about 300 generations the 

improvement of all runs reduced strongly and thus quick calibrations of later experiments 

could stop at 400 generations for good results. In the comparison of the improvement per 

each new individual run, the x50 runs performed better in the beginning but already after 

5000 individuals both x50 runs lacked behind. With these results it seemed that the x25 runs 

were slightly more efficient and thus further calibrations were only using a population size 

of 25 individuals. Even after 15000 individuals some performance improvements were made 

but with an average simulation time of 20 seconds per individual, the simulation of 15000 

individuals would take up 5000 minutes or 3.5 days, so that 15000 was chosen as a sufficient 

limit when considering time efficiency and this number was set as limit for all further 

calibrations. 

3.3 Model Setup Variations 

Upon the previously defined Base-Run model further improvements were made to get better 

simulation results of accumulated spring discharge. The additional setups are described 

below and base on the assumptions made in the Base-Run setup, if not stated differently. A 

short summary of all used setups and conducted experiments is listed in Table 3-4. Setups 

describe changes on the model functionality by enabling and disabling modules or by setting 

and changing parameters while experiments differentiate between different parameter 

calibration ranges and calibration methods. 
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Table 3-4: A summary list of all setups and experiments conducted in this study.  

setup experiment description 

Base-Run Base-Run a base case simulation using the setup 

described in Section 3.2 

 Updated Base-Run Base-Run setup with adjusted calibration 

ranges for some parameters (Section 3.4) 

Base-Run-Drainage Base-Run-Drainage the Base-Run setup with addition of the soil 

drainage model function (Section 3.3.1) 

Aquifer Aquifer-hourly the Base-Run setup extended by the aquifer 

module and with extended parameter 

calibration ranges but without the 

regional groundwater flow module 

(Section 3.3.2) (Aquifer setup) 

 Aquifer-daily the Aquifer setup with NSE values 

calculated of daily accumulated 

discharge in the calibration process 

(Section 3.3.2) 

 Aquifer-weekly the Aquifer setup with NSE values 

calculated of weekly accumulated 

discharge in the calibration process 

(Section 3.3.2) 

Radiation Radiation the Aquifer setup extended by a solar 

radiation snow melting module (Section 

3.3.3) 

Half-Year Half-Year-hourly the Radiation setup extended by the soil 

drainage function and calibrated for only 

the first 6 months in each year (Section 

3.3.4) – this (Half-Year) setup is 

evaluated together with the Radiation 

setup 

 Half-Year-weekly the Half-Year setup with a calibration using 

NSE values of weekly accumulated 

discharge (Section 3.3.4) 

The Base-Run setup and experiment are also referred to as the original Base-Run 

setup/experiment 

 

3.3.1 Base-Run with Soil Drainage 

Whereas soil drainage as a function was not included in the Base-Run setup, it was subject 

to a separate experiment. Soil drainage is a process where water of the effective porosity, 

down to a specified depth, is contributing to the local runoff of the sub-basin. The depth 

down to which water can contribute to local river discharge is called stream depth and was 

set to the same depth as the soil depth in this setup (10 m). 

The drainage of the soil pore space is calculated similarly to drainage on the soil surface by 

a fraction (or recession) parameter which defines the fraction of water above the stream 

depth in the effective porosity of the soil which is discharged in each model iteration. The 
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recession parameter is a combination of three parameters which can be calibrated: rrcs1, 

rrcs2 and rrcs3. The first two parameters represent the recession of the top most and bottom 

most soil layer. The third parameter is multiplied with the mean slope of the catchment and 

represents a constant addition to the regression parameters of all soil layers. To get the 

recession coefficient of the middle soil layer in a three tier model, linear interpolation is done 

of the first two parameters and over the soil depth. 

As this setup only simulated one soil layer, rrcs2 was not needed in the parameter definition. 

The values for rrcs1 and rrcs3 needed to be calibrated as they could not be retrieved  from 

information found in literature. The HYPE quick start guide recommends a range for rrcs1 

between 0.05 and 0.5 for daily time steps which is similar to a range between 0.002 to 0.02 

for hourly iterations. The third parameter was not mentioned in the quick start guide but it 

was assumed that its influence is much smaller and thus a range between 0.00002 to 0.002 

was chosen for its calibration (Table 3-5). 

Table 3-5: Additional parameters used in the calibration process for the Base-Run-

Drainage experiment. 

Variable Calibration range calibration 𝝈* 

rrcs1 [0.002 – 0.02] 0.001 

rrcs3 [0.00002 – 0.002] 0.00001 

* the standard deviation 𝜎 is an additional parameter needed for the Markov chain in the 

calibration process. 

 

3.3.2 Aquifer Setup 

Another setup was created with special focus on groundwater flow in the catchment. 

Generally, all the assumptions made in the initial Base-Run setup (Section 3.2) were used 

again, if not stated differently, but in addition a simple aquifer system was introduced to 

enhance the simulation of groundwater behaviour and retention of returning water. A soil 

drainage was not used in the initial experiments in an attempt to reduce fluctuation in the 

ground water and to achieve a relatively stable base flow. 

As a result of the Base-Run calibration, the precipitation needed to be scaled up in order to 

provide enough water for discharge. Accordingly, the evapotranspiration rate was calibrated 

down to its minimum threshold value to reduce extra losses of water out of the system. The 

lower calibration boundary for the evapotranspiration parameter was further lowered to 

0.0001 in this setup to allow the calibration to reduce these losses further but by potentially 

underestimating evapotranspiration in the catchment in comparison to the reality. Another 

adjustment was done for the threshold range of the degree-day melting factor. Its range was 

increased by lowering the minimum and increasing the maximum bound. This gave the 

model more options to find a suitable optimum for improved spring snow melting 

simulations, although these new values fall outside the values retrieved from relevant 

literature. With the use of the so called “deepground 2” module the “deepground 1” module 

– which as an inherent part of the Base-Run setup allowed the regional groundwater flow 

simulation – could no longer be used any longer and thus no base flow discharge was 

simulated between the sub-basins. The only groundwater flow which could be simulated in 

this setup was the aquifer flow. 
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One aquifer was defined for the setup which all sub-basins were linked to and contribute 

water to. The only receiving sub-basin for return flow was the one right at the catchment 

outlet with the river discharge gauging station (sub-basin 21 in Figure 7 – page 36). For this 

simulation the aquifer was only introduced to convey water with a different delay than the 

over ground runoff. To simplify the setup and because the soil already simulates a usable 

storage, groundwater storage in the aquifer was not simulated. To achieve this, the return 

flow fraction from the aquifer was set to 1 which sets the outflow equal to the inflow. 

Parameters for the volume definition were nonetheless needed and were therefore set to 

arbitrary values (the area was set equal to the catchment area, the maximum depth and initial 

volume were set to -50 m and the porosity was set to 0.05 % which is the value used in the 

model description). As no aquifer storage was simulated these values did have no effect on 

the simulations, though. With this assumption, two parameters remained which both needed 

calibration: 

The fraction of water extracted from the effective porosity of each sub-basin (rcgrwst) and 

the delay of the deep percolation which is used in equations (10) and (11) to define the inflow 

to the aquifer (delay1). The value of rcgrwst is purely setup dependent and was assumed to 

be of the magnitude 10−6 after initial testing. A calibration range of [10−7, 10−4] was set 

for this parameter to allow for large calibration adjustments. This fraction factor is relatively 

small as water is extracted as part of the whole soil water for the whole catchment. The 

relatively deep soil layer (10 m) can store a lot of water with respect to the soil pore space 

volume and thus the parameter needed a large adjustment space. 

The second parameter defines a delay in days and an initial value of 22 days was assumed 

according to the findings of Georgsson (Georgsson, 2016). The calibration range was 

nevertheless set to [0, 242] as groundwater simulation was modelled differently in this 

simulation. All experiments using these changes are further referred to as “Aquifer” 

experiments using the calibration parameters and ranges listed in Table 3-6. 

                                                 

1 The delay parameter is defined in the aquifer definition and thus not available for calibration. However, the 

model allows calibration of a correction factor for the delay. With this correction factor the resulting delay for 

the simulations is calculated as 𝑝 = 𝑝𝑑𝑒𝑙𝑎𝑦 ⋅ (1 + 𝑝𝑐𝑜𝑟) where 𝑝𝑑𝑒𝑙𝑎𝑦  is the parameter defined for the aquifer 

and 𝑝𝑐𝑜𝑟 is the correction factor (aqdelcor) which can be calibrated. In further discussion the name delay always 

refers to the resulting parameter 𝑝 of the correction equation, including the description of calibration range, 

resulting parameter and errors. 
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Table 3-6: Model parameter calibration ranges, standard deviations for the calibration 

and calibrated values of the Aquifer model setup with the error as standard deviation of 

the 500 best performing runs. 

Variable Calibration range calibration 𝝈* 

wcfc [0.05 – 1] 0.01 

wcep [0.01 – 0.65] 0.01 

srrcs [0 – 1] 0.01 

srrate [0 – 1] 0.01 

mactrinf [3 – 370] 1 

cmlt [0.01 – 0.4] 0.01 

ttmp [-1 – 2] 0.01 

cevp [0.0001 – 0.13] 0.0001 

rivvel [0.01 – 2] 0.01 

damp [0.01 – 2] 0.01 

pcaddg [-0.5 – 1] 0.1 

rcgrwst [10-7 – 10-4] 10-7 

delay [0 – 242] 1 

* the standard deviation 𝜎 is an additional parameter needed for the Markov chain in the 

calibration process. 

 

To address the problem of the Base-Run to underestimate cumulated spring discharge in a 

multi-annual average, the aquifer setup was split up into three individual experiments which 

were calibrated independently. This was done to cope with the high frequency fluctuation of 

the discharge in spring and to try to get more accurate results for the accumulated discharge. 

The three experiments were completely identical but they differed in the way in which their 

performance parameter was derived: 

One experiment was calculating the NSE value under consideration of each individual time 

step of the discharge time series, the same way as this was done in the Base-Run experiment 

(it is further referred to as “Aquifer-hourly”-experiment).  

The other two experiments were calculating the NSE for daily and weekly accumulated 

discharge values (“Aquifer-daily” and “Aquifer-weekly”). It was assumed that the aquifer-

daily and weekly runs get more precise results when comparing observed with simulated 

monthly averages of discharge while they lag in precision simulating the actual short-term 

discharge in terms of short duration peaks. 

This daily and weekly experiments might pose a hindrance on the calibration efficiency of 

the degree-day model parameters, as melting often fluctuates with time steps smaller than a 

day, especially in the spring. But the simulation of groundwater can profit from the 

consideration of longer time steps to better establish a base discharge curve over the year. 

Especially the weekly run was expected to create discharges closer to the monthly averages 

over multiple years while it was supposed to lag in catching the details of specific melting 

events which characterise years of very high or low discharge. 
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3.3.3 Radiation Setup 

The HYPE model contains another submodule which allows the addition of solar radiation 

to the snow and ice melting process. Solar radiation is read in like the precipitation and 

temperature files and contains information of incoming solar radiation for each sub-basin 

and each time step. In the so called “snow-melt-model 2” the snow melting is calculated by 

using the energy coming from solar radiation in addition to the still used degree-day model. 

New parameters coming with this melting scheme are listed in Table 3-7 with chosen 

calibration range. Parameters needed for the albedo calculation as of equation (4) are the 

minimum and maximum albedo (snalbmin and snalbmax) which were set to 0.4 and 1 while 

the scaling parameter (snalbkexp) was calibrated between 0.01 and 0.00001 after initial 

testing and to leave room for optimisation. The conversion factor of solar energy into snow 

melt (cmrad), parameter 𝑓 in equation (5), was calibrated between 0.01 and 0.00001, again 

after initial testing and under consideration of great variations coming with changes of the 

degree-day factors. Lastly the refreezing fraction (cmrefr) was calibrated in a range between 

0 and 1 with an accuracy of 0.01. 

Table 3-7: The calibration ranges and standard deviation of additional parameters coming 

with the inclusion of the radiation scheme. 

Variable Calibration range calibration 𝝈* 

snalbkexp [0.01 – 0.00001] 0.00001 

cmrad [0.01 – 0.00001] 0.00001 

cmrefr [0 – 1] 0.01 

* the standard deviation 𝜎 is an additional parameter needed for the Markov chain in the 

calibration process. 

 

This module was only used for snow melting simulation. Glaciers, which use fixed 

parameters for the degree-day model, were ignored in this module by setting all solar 

dependent parameters for the glacier part to 0. 

The solar radiation setup (further referred to as “Radiation” setup) was used in a series of 

experiments to find a suitable solution which increases the simulation performance in the 

spring months. It was introduced to the setup in order to increase the performance of the 

spring discharge which is characterised by a rapid change in discharge due to many short 

term melting events. It was used in combination with the Aquifer setup where it was 

supposed to increase the performance of high frequency discharge in the so called Radiation 

experiment. 

3.3.4 Half-Year Setup 

In the “Half-Year” experiments observations for the discharge were only given for the first 

six months of the year. With this the calibration was not influenced by the second half of the 

year; therefore, the performance in late summer and early winter did not dilute the 

performance value for the focused period. Instead the spring period was falling much more 

into focus of the calibration which was expected to have a positive effect on spring discharge 

simulation. 
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The Half-Year setup included all model additions described before (the inclusion of soil 

drainage, an aquifer and solar radiation for improved snow melting). Further simplifications 

were done by not simulating evapotranspiration in this setup as its influence on the spring 

discharge was rather low. Furthermore, the calibration of two parameters could be avoided: 

the evapotranspiration factor (cevp) and the volumetric field capacity storage space (wcfc), 

which were both set to 0. 

Another change was done by increasing the upper bound of the degree-day factor even 

further than in the previous model setups: to 0.6. Although this parameter range was 

significantly exceeding the values found in the literature, this change was done with the aim 

of finding a suitable factor which is valid for the complex spring season. All the other 

parameters were calibrated with exactly the same range as in the “Radiation”, the “Aquifer” 

and the “Base-Run-Drainage” setups, although by also ignoring rrcs3 in the latter, as its 

influence on the discharge simulation was rather small. 

3.4 Updated Base-Run Experiment 

This is a small experiment which was only focused on changes in the parameter ranges of 

the original Base-Run experiment. On the basis of the findings of the above described model 

setups the original Base-Run was updated and rerun with adjusted parameter ranges. With 

improved understanding of the model the initially set calibration ranges were reassessed in 

order to enhance the simulation performance. According to the findings in the results section 

of the Base-Run experiment and according to the later experiments with additional modules, 

the changes done to the parameter ranges of the evapotranspiration factor (cevp) and the 

degree-day factor (cmlt) in the Aquifer experiments were similarly applied to the Base-Run 

experiment. The newly adjusted parameter ranges are given in Table 3-8. 

Table 3-8: The change of the parameter calibration ranges for the Updated Base-Run 

experiment. 

Variable Calibration range calibration 𝝈* 

cevp [0.0001 – 0.13] 0.0001 

cmlt [0.01 – 0.4] 0.01 

* the standard deviation 𝜎 is an additional parameter needed for the Markov chain in the 

calibration process. 
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4 Results and Discussion 

In this section the different model setups, described in the methodology section, are analysed 

with the experiments conducted on them. A summary of all setups and experiments was 

given in Table 3-4 in the beginning of sub-section 3.3 (page 46). 

4.1 Base-Run 

The parameter results of the Base-Run calibration are listed in Table 4-1. This table shows 

the parameter value of the best performing run. Another column in the table also shows each 

parameters’ standard deviation of the best 500 runs as error. The error is listed to show the 

precision of the final value in comparison to the next closest runs. Its aim was to give an idea 

of how much the parameter value was changing in the other 499 best runs. The calibration 

scheme was particularly designed such that a lot of variation was kept in the calibration of 

each parameter. Parameters which showed a strong tendency towards one value, thus, still 

had a noticeable standard deviation over the best performing runs as to assure that their value 

did not end up trapped in a local optimum. Figure 9 shows the parameter values for the best 

500 runs in comparison to the Nash-Sutcliffe efficiency (page 43) in the top-left diagram. 

Table 4-1: Results of the parameter calibration for the Base-Run experiment showing the 

parameter value of the best performing individual and the standard deviation of the best 

500 individuals. 

Variable Calibration range Calibrated value Error 𝝈 

wcfc [0.05 – 1] 0.20 0.278 

wcep [0.01 – 0.65] 0.07 0.011 

srrcs [0 – 1] 0.01 0.011 

srrate [0 – 1] 0.16 0.282 

mactrinf [3 – 370] 223 88.1 

cmlt [0.12 – 0.23] 0.23 0.003 

ttmp [-1 – 2] 1.7 0.19 

cevp [0.04 – 0.13] 0.04 0.000 

rivvel [0.01 – 3] 2.1 0.48 

damp [0.01 – 3] 0.8 0.47 

pcaddg [-0.5 – 1] 0.76 0.081 

rcgrw [0.0002 – 0.02] 0.00076 0.000283 

 

A time series diagram of the simulated discharge in comparison to the observations between 

the years 2002 and 2010 is given in Figure 12 in the Appendix. The diagram also shows that 

the Nash-Sutcliffe efficiency of this simulation was only 0.36. The main reason for this low 

number is the appearance of high frequency fluctuations in the discharge of the observation 

which, when not exactly simulated, caused strong reductions in the efficiency parameter. It 

is shown though, that the low fluctuating discharge trends were relatively similar in both 

time series which was a good result for the general setup performance, although not directly 

representable in the performance parameter. 
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Figure 9: Parameter values of the calibration process in the 500 best runs in the Base-Run 

experiment (the efficiency of each run is shown in the top left diagram). 

4.1.1 Calibrated Parameters 

The diagrams in Figure 9 show the best 500 runs of all calibration simulations sorted in order 

of the best (left) to the worst (right) NSE value. The diagram limits (y-axis) were set to the 

calibration margins for each parameter. It shows that some parameters obviously had a clear 

optimum value which did not change a lot between these runs while other parameters were 

varying a lot in their calibration ranges. Values which were fairly stable and did not change 

a lot were the effective porosity (wcep), the discharge fraction of water pooling on the soil 

surface (srrcs), the degree day factor (cmlt), the evaporation factor (cevp) and the fraction 

parameter for regional groundwater flow (rcgrw). Also relative stable values were the snow 

melt threshold temperature (ttmp) and the precipitation scaling (pcaddg). The other values 

which were varying a lot either had just a low influence on the efficiency of the model run 

or they heavily depend on other parameters which change their global optimum. 
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Quite dominant in this calibration was the fact that precipitation was significantly scaled up. 

In the best 500 runs the model was often limited to the upper bound for this parameter which 

was set at scaling precipitation by 200 %. Only in the best 10 to 20 runs this value got smaller 

with still a very high value of 0.76 (a precipitation scaling of 176 %). 

Described later in more detail, the pore space for the field capacity was almost always fully 

saturated in all sub-basins so that its pore size was not having a large influence on the model 

performance. Only when it becomes too small a reduction of the evapotranspiration flux 

would be noticeable but this is prevented by the lower calibration bound for the field capacity 

which was still large enough to allow total potential evapotranspiration in the simulation, 

when fully saturated. The fluctuation of the maximum infiltration rate and the discharge 

factor for excess infiltration were also fluctuating considerably as their influence on the 

discharge were relatively specific and also because they both depended on each other. On 

the one hand the discharge produced with influence of these parameters directly repeats the 

precipitation flow patterns with no direct damping effect and thus can lead to reduced model 

performance when these discharge peaks do not agree with the discharge measurements. On 

the other hand, they might produce perfect matches to the discharge measurements by chance 

for certain parameter combinations, which then represent local optima in the calibration 

space. This led to the assumption that the maximum infiltration capacity and the excess 

infiltration fraction had many small local optimums which were all not stable but dependent 

on the value of the respective other parameter and the river velocity and damping effects. 

Probably this connection to the other parameters also led to the fluctuation of the river 

velocity and the river damping parameter values which neither had a strong optimum in their 

calibration range but rather many local optima. 

4.1.2 Calculated and Observed Discharge 

The following diagram (Figure 10) shows the differences between the simulated and the 

observed discharge for the gauging station at the outlet of the catchment. The bold lines show 

an inter-annual mean value of the same days in each year for the years simulated in the Base-

Run experiment (1989-2010). The years before the 21st of February 2002 only had one 

discharge observation per day, instead of one observation per hour, so that their influence on 

the daily average and the standard deviations in the diagram where only 1/24 (one value per 

day instead of 24 values per day). Also noteworthy is that the discharge observations were 

always taken at 12pm which can result in trends of the average values if daily discharge 

trends appeared and the 12pm value was deviating from the daily mean flow. The diagram 

shows that the simulation overestimated the winter discharge (about the time period from 

October to February) while the summer discharge was on average below the observations. 

The largest differences between the mean discharge time series are, though, noticeable in 

spring where the simulations show an inter-annual average of sometimes less than 50 % of 

the average observed discharge in the figure. In the simulations the months March, April and 

May had the lowest discharge of all with steady consistency across the years, which is 

indicated by the small standard deviations in these months in relation to the rest of the year. 

In stark contrast, the observed discharges for the same months shows the largest standard 

deviations in the year which leads to the conclusion that this time period obviously had large 

snow melting events of relatively short durations and thus strongly deviating discharge from 

the average flow in reality. These melting events are also visible in the time series diagram 

in Figure 27 in the Appendix. The melting spikes may have had different local causes in 

reality which were not directly repeatable with a degree-day model or a temperature forcing 

created by a large scale weather model. Though, in the same diagram it is also shown, that 
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even in years where the large melting spikes were not observed in reality, the simulated 

discharge was often much below the observed one. The reason for this is most probably the 

relatively high degree-day threshold temperature parameter of the calibration which led to 

insufficient melt water creation. Snow melting only occurred with air temperature above 

1.7 °C in the simulation which might be an exaggerated value for the spring period. Other 

causes can be that the HARMONIE meteorological model was not able to sufficiently 

simulate short duration warm spells in this area which caused the melting or that other factors 

like the solar radiation were the main melting factor. Especially in this period of the year the 

temperature might still have been relatively low but solar radiation could have already 

become a strong factor for snow and ice melting. The trend of too low base discharge in 

years of less dominant discharge peaks may also be the result of a missing large scale water 

storage and groundwater system. 

 

Figure 10: Annual Discharge of the Base-Run experiment, as an average of all observation- 

(blue) and simulated (red) years, with their single and double standard deviations. 

4.1.3 Discharge Simulation Analysis 

There were two ways how water discharged into the local and then the main river system 

was created in the Base-Run HYPE model setup: 

The first one was that the infiltration capacity into the soil was exceeded and thus surface 

runoff occurred. This happened when the sum of precipitation water and melt water 

exceeded the maximum infiltration capacity (mactrinf). Of the water exceeding this 

threshold, the fraction srrate was directly discharged into the local river system while the 

rest was eventually still infiltrated. 

The second way water runoff was created in this experiment was by retuning water from the 

soil. This happened when the soil got oversaturated and as a consequence water was pooling 

up at the top of the soil. The fraction srrcs of the pooling water then was discharged into the 

local river system at every time step. 
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In the currently evaluated experiment the second way became the most dominant water 

provider for discharge. In most of the receiving sub-basins (which are downstream of other 

sub-basins) water was pooling up on the soil for most of the year to provide a steady source 

of discharge. The bar chart below (Figure 11) shows the average pooling depth for all sub-

basins and the differences between seasons. The seasons are splitting the hydrological year 

into four terms, the autumn (October to December), the winter (January to March), the spring 

(April to June) and the summer (July to September). The diagram shows that the glacier 

areas just had pooling water during the summer when the glacier meltwater exceeded the 

groundwater discharge. The other sub-basins had the tendency to show higher average 

pooling the smaller their areas were as they had to distribute the received groundwater from 

upstream to a smaller soil volume. This effect was generally unanticipated as the model was 

using the different sizes of sub-basins to create different response boxes for the discharge 

instead of simulating the physical processes which it was designed for. On the other hand, 

the water pooling is very similar to the process observed in reality. The same process controls 

the water level of most of the lakes in the catchment and also adds water to the river run. 

Figure 11 also shows that the seasonality was a stronger factor in the upstream than the 

downstream sub-basins. Especially sub-basin number 48 which bundled the whole melting 

water from Vatnajökull had a much higher water level in summer than in the other months. 

It also shows higher pooling in autumn in this sub-basin which represents the delay in the 

groundwater flow of the melt water. The downstream sub-basins show nearly no seasonality 

which is interesting as it could be expected to see the influence of the snow melting season 

in summer. An increased pooling height is only distinguishable in the south west sub-basins 

(30 to 33), although this could also have been a result of the melting of the two upstream 

glaciers. 

The surface discharge of pooling water was the main water provider for the discharge from 

the catchment which also explains why the discharge fraction parameter (srrcs) was only 

fluctuating very narrowly in its calibration margins for the best 500 simulations. The factors 

for discharge of excess infiltration and the infiltration capacity, on the other hand, were 

varying significantly. As stated before, the discharge created by these parameters was 

repeating patterns of the precipitation and thus had the tendency to lead to errors in the 

comparison of observations and simulation. The water which was not discharged directly 

was added to the soil and thus in most sub-basins to the pooling water where it was still 

increasing the discharge directly. But this storage was also adding a large damping effect 

and thus reduced the fluctuation of the precipitation while allowing storage of water for later.  



58 

 

Figure 11: Annul average water depth of pooling water on top of the surface for all sub-

basins (bars) as they are defined in Figure 7 (page 36) and pooling water depth averages of 

each sub-basin for all four hydrological seasons (points). 

There were three ways for water to enter the system: liquid precipitation (rain), snow melt 

and ice melt. 

Rain is a highly fluctuating source but provided the largest amount of water in an annual 

perspective. In late summer and winter more rain precipitation fell into the catchment than 

in spring. The highest water amounts of rain fell on average in September, with an average 

water input flow of over 100 m3/s over the whole catchment, while the lowest rain water 

inputs appeared in March to May with an average flow of only about 50 m3/s in all three 

months on an inter-annual mean.  

While in winter rain was mostly the exclusive water provider for the river discharge, in 

summer snow melting, and in late summer also ice melting, were adding-in large amounts 

of water as well (Figure 12). Some melting also happened in winter but the water provided 

was less than 10 % in comparison to the rain water and thus mostly negligible. Starting in 

April and ranging as far as November snow melting became a large water provider. It peaked 

in June with about 100 m3/s of water flow into the system and allowed the higher river 

discharges in summer than in winter. Ice melting was also an important factor, though the 

peak water input was not nearly as high as for snow melting. It became larger in June and 

provided its main water input until September with a maximum water inputs of about 50 m3/s 

to the catchment. The cause of the melting for both ice and snow were the higher air 

temperatures which were highest on average in July and August. The temperature was the 

cause of the shifted melting peaks between snow and ice. While the snow was mostly gone 

in the months of highest melting potential, glacier ice was available throughout the whole 

year and thus provided its peak water input at times of highest melting potential, middle to 

late summer. Additionally, the glaciers were located on a much higher altitude where the 

temperatures were generally lower and thus the melting season started later in the year while 

there was less energy available for the glacier melting. The generally smaller water input 

from ice melting to the system additionally depended on the size of the glaciers which did 
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only cover a small amount of about 13 % of the catchment area while snow melting happened 

on the rest of 87 % of the catchment area. 

Similar to the degree-day model used in the simulations, the evapotranspiration is also scaled 

by air temperature and it uses the same threshold temperature parameter (ttmp) as the snow 

degree-day model. As the soil was saturated nearly all year long, the evaporation was 

assumed to always have been at its maximum potential value, for the given temperature, 

without water being its limiting constraint. (A few sub-basins which did not have an 

upstream basin had a slight reduction of soil water in spring and autumn. The largest 

reduction was though still less than 3 % of the water in the effective porosity which implies 

that the field capacity was always reached and thus full potential evaporation happened.) 

From June to August the current simulations calculated an average water loss flux through 

evapotranspiration of over 50 m3/s which at its peak had a magnitude of up to two thirds of 

the river discharge. It becomes thus obvious that this was the limiting flow which caused the 

reduced river discharge in summer, compared to the observations at the gauging station, 

while it was also causing the large upscaling of the precipitation in the catchment to balance 

this water loss. 

While the evapotranspiration might have been the cause for the too low summer discharge, 

the underestimated spring discharge cannot be explained that easily as evapotranspiration 

was not nearly as dominant during the spring months. According to the discharge 

observations there was already a large increase in discharge between March and April which 

is a good indication for starting large scale snow melting happening around this time of the 

year, in reality. The model simulated snow melting two to three months later and thus the 

simulated discharge in March and April purely depended on the – in these months very 

reduced – rain water intake. This was an indication to lower the very high threshold 

temperature parameter of the degree-day model in further experiments as it was shifting the 

melting season into the spring. There are, though, two reasons why the calibration set this 

temperature to such a high value: 

The first one is that the high evapotranspiration flux in the summer months needed water 

makeup which was mostly provided by melting water and thus a shift of the melting season 

to later months was preferred by the model. 

Secondly, as stated before, the threshold temperature for the snow degree-day model is also 

the threshold temperature for the potential evapotranspiration and a higher threshold 

temperature in general meant lower differences to the actual air temperature which resulted 

in lower evapotranspiration fluxes. The evapotranspiration reduction by an increased 

threshold temperature was needed as it could not be scaled down further by its scaling factor. 

This parameter, as shown in Figure 9, was already calibrated to its lower calibration 

boundary. The range for this factor was taking from the quick starter instructions of the 

HYPE model and it seems that the high soil infiltration and the missing vegetation required 

a lower parameter in order to reduce the water loss in the catchment while, controversially, 

in the simulation evapotranspiration was even increased due to the high saturation of the soil 

and the soil pooling water. 

A reduction of the evaporation might have helped to allow a shift of the melting season 

towards the spring months but other factors might be needed as well in order to increase the 

discharge in these months to the level of the observations. It is clearly visible that the months 

February and March were the two months with the lowest snow melting. Even in the other 



60 

winter months the snow melt was higher and thus a reduction of the melting threshold 

temperature would have increased the melting throughout the whole winter potentially 

leading to overestimated discharge in the winter while still underestimating spring discharge. 

 

Figure 12: Monthly averages of discharge (simulated and observed) and simulated 

evaporation flux in lines and stacked values of monthly averages of the main water provider 

to the system: liquid precipitation (rain), snow melt and ice melt, converted to flow units. 

4.1.4 Water Storages 

On a wider perspective the only input of water to the system is the total precipitation, 

ignoring extensive glacier melt and thus potential extra water input of shrinking glaciers. As 

described in the site description (Section 1.2) the total precipitation is much higher in winter 

than in summer (Figure 5). The highest discharge from the catchment was on the other hand 

in the summer time. This means the catchment is generally buffering the water throughput 

with a delay of half a year. For this storages are needed which are filled up in winter and 

empty in summer. One, and probably the most important one, is the snow as already 

mentioned before which stores part of the precipitation – precipitation which falls as snow 

– from winter to summer. As the simulation results show (Figure 10 and Figure 12), snow 

cannot be the only storage and in reality soil and/or groundwater take up a big role as well 

to store the liquid precipitation of the winter. In the simulations, the monthly average 

groundwater of the whole catchment fluctuated between 2.392 and 2.538 m3/m2 which is a 

fluctuation of 6 % of the maximum storage. Despite its very low fluctuation this storage 

could also not be directly converted into discharge. It was filled up by rainwater and 

meltwater, when not already at its full capacity in the respective area, and lost water through 

groundwater flow at the catchment outlet or to overflow and damping in the soil pooling 

water. Thus the actual storage in this simulation was not the soil or groundwater but the 

water which could be transformed into surface runoff, the pooling water on the surface. This 

storage is different from the snow water storage as its immediate discharge is governed by 

the current storage volume – the more water is stored in form of pooling water, the more is 

directly discharged. So this storage is missing the ability for long term collection of water 

which can be released when it is needed. Instead, it serves more the function of damping 

water to smooth out the discharge. Thus, water input to the system cannot be held back but 
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just be delayed and spread over a larger time period but still with the largest output being at 

the time of the input. 

Both storage fluctuations in the simulation are shown in Figure 13. It becomes quite obvious 

that the snow was the most important storage in the Base-Run HYPE simulation as its storage 

and fluctuation were 10 to 20 time larger than the storage and fluctuation of the pooling soil 

water. The pooling soil water storage was fluctuating much less and showed great 

similarities with the total discharge from the catchment. This, however, proves again that the 

main discharge from the catchment was in fact given by the discharge of pooling surface 

water and the discharge coming from excess infiltration (as described in Section 4.1.3) was 

only important for the discharge peaks. 

While most of the pooling water was directly resulting from water input (rain and meltwater) 

to the soil the regional groundwater flow was also able influence it slightly. Groundwater 

inflow to already saturated areas was often increasing the amount of pooling water but 

groundwater also took some water out of the soil again to push it down to the next 

downstream sub-basin. Therefore, a positive effect was only achieved when the sub-basin 

received more water than it lost, either by having several upstream sub-basins of which it 

got water simultaneously or because of its size being smaller than the upstream sub-basin 

which caused a smaller water loss through groundwater flow. This process allowed for some 

storage ability of the soil as water was taken out from sub-basins which had no upstream 

catchment and added into lower sub-basins to increase their pooling water table, which made 

the upstream sub-basins the storages for downstream sub-basins. The groundwater flow, 

though, also increased water loss out of the catchment in one sub-basin (sub-basin ID 21 in 

Figure 7 – page 36) which added to the need of additional water input and might have been 

one factor why the groundwater flow parameter (rcgrw) was scaled relatively low in its 

calibration range.  

 

Figure 13: Monthly averages of water stored in form of snow in the HYPE and HARMONIE 

model for the catchment, excluding the glaciers, and the much smaller storage of water in 

form of water pooling up on the saturated surface of the soil (for the whole catchment). 
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The large difference between the monthly mean value in discharge already shows that the 

current setup is not quite applicable for discharge forecasting, which is the ultimate aim for 

the modelling approach of the catchment. As result the simulation setup needed some 

improvements which were done in a later setup by adding a storage for long term delay of 

water, in means of an enhanced groundwater or aquifer system. 

4.1.5 Snow Simulation 

The generally increased precipitation in the experiment also increased the snowfall by over 

70 %. The result was a much higher snow accumulation in the HYPE model simulation than 

in the HARMONIE simulation (Figure 13). Glaciers are simulated differently in both models 

and are thus neglected in this comparison: The HYPE model simulates ice volumes, where 

all snow falling onto the glacier is directly converted to ice while in the HARMONIE model 

glaciers are simulated as pure snow accumulations. 

When comparing the two snow accumulation curves in Figure 13 it becomes obvious that, 

regardless of the amplitude, the HARMONIE model simulated snow melt start one to two 

months earlier than the Base-Run HYPE experiment while the accumulation started in late 

autumn and was much more simultaneous with, though, still a slight delay of the 

HARMONIE model. The later start and earlier end of the melting season was caused by the 

very high threshold value temperature for the degree-day model in the Base-Run experiment 

and according to the simulation done by the weather model a lower value would have been 

more accurate for better matching snow accumulation curves. Another fact which is also 

quite dominant in the model comparison is that, although snow accumulation in the HYPE 

experiment was larger, both models had relatively similar melt water amounts. For this it has 

to be clarified that the HARMONIE model got snow pack updates for several areas at the 

first of September each year which is shown in the large jump of snow water equivalent 

between August and September. This shows that the HARMONIE model was 

underestimating snow precipitation in the research area and according to the findings about 

discharge this was most probably also the case for rain precipitation.  

A more detailed analysis on the sub-basin scale showed that alongside the downstream half 

of the main river and also in the west of the catchment the simulated snow in the HYPE 

model was fluctuating with about one and a half to twice the amplitude than the model results 

of the HARMONIE model show. None of these sub-basins got snowpack updates in the 

HARMONIE model and thus the HYPE model results were rated as exaggerated. 

The sub-basins in the south, especially no. 30 to 33 show multi-annual snow accumulations 

for the years between 1990 and 2000 and even for the whole simulation time period for sub-

basins 31 and 32 (which lay on higher altitudes and next to the two smaller glaciers in the 

south of the catchment). For these areas the accumulation of snow in a few years after 1990 

was larger than the spring and summer melt so that these sub-basins had generally a snow 

pack increase over several years. The HARMONIE model simulated a complete melt-off of 

these sub-basins outside of the glaciers. The multi-annual accumulation of snow simulated 

by the HYPE simulation could have been reduced and probably eliminated by lowering the 

threshold temperature of the degree-day model. 

The sub-basins in the north of the catchment generally showed larger snowfall amounts in 

the HARMONIE model and thus the offset of the HYPE simulation was less dominant. Also 
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many of these areas got snow pack updates in which cases the amplitudes of snow water 

equivalent were very similar in both model simulations. 

4.1.6 Glaciers 

Glaciers in HYPE have a fixed relation between volume and area. The initial glacier volume 

was defined by the total area size of the glacier sub-basin while during the simulation run 

the glacier covered area was derived from the current volume, but it was limited to the 

maximum extent of the sub-basin area. The relationship of volume and area for each 

individual glacier in the setup was not corrected and thus an analysis of the total volume of 

each glacier does not make sense here. But a closer look on the relative volume change over 

time shows what was to be expected: All glaciers grew in size during the Base-Run 

simulations (Figure 14). This was expectable because of the largely increased precipitation 

for the whole catchment and the fact that the glacier degree-day factors were not calibrated 

but assumed fixed. The southern sub-basin of Vatnajökull had the largest ice volume and 

thus the relative growth was only marginal compared to the Kaldaklofsjökull sub-basin 

which increased its ice volume more than two and a half times to its original value but also 

had the smallest initial volume. The absolute growth was much larger on Vatnajökull 

because of its much bigger area, but growth relative to the area was much larger again on 

the two smaller glaciers which lay in the area of highest average precipitation in the 

catchment. The steady increase of glacier mass is an indicator for a calibration error in form 

of a too large precipitation amount. But then again, this large precipitation also assured 

always a constant glacier cover area and thus the same melting potential each year. A 

shrinking glacier would instead have reduced the water intake of the glacier melting process 

and thus could have brought another source of error to the calibration process which 

depended on the amount of years used for the calibration as the initial glacier volume was 

always set to the first day of the simulation. 

 

Figure 14: The glacier volume changes in the Base-Run experiment for each glacier sub-

basin in relation to their original values (Vatnajökull is split into a northern (N) and 

southern (S) sub-basin). 
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4.2 Base-Run with Soil Drainage Experiment 

The following setup was a slightly altered version of the Base-Run setup, which got an extra 

parametrisation of return flow from the soil to the local river system. This process is named 

soil drainage in the model and thus this experiment is further referred to as “Base-Run-

Drainage”. 

The addition of soil drainage to the base run resulted in a reduction of the simulation 

efficiency parameter NSE which led to the exclusion of this process from the Base-Run 

definition. The efficiency of this experiment was 0.32 which is about 0.05 less than the Base-

Run efficiency. The main differences between both runs were the monthly discharge in 

spring and in summer (Figure 12 – page 60; Figure 15) which both seemed to be more 

convincing in this experiment. In spring this experiment performed slightly better than the 

Base-Run on a monthly perspective and in July the peak discharge actually had about the 

same magnitude as the observations showed, but for individual years the monthly efficiency 

values were lower than in the Base-Run experiment. The Base-Run-Drainage experiment 

used a slightly lower scaling of the precipitation with just 171 % instead of 176 % which 

became noticeable in the generally lower precipitation and snow melt water input. Most of 

the other parameters were calibrated to similar values. The degree-day parameters were both 

a little smaller with a threshold temperature of 1.5 °C and a degree-day factor of 0.2. Though 

on a monthly perspective the difference in snow melting cannot be seen between the 

simulations. The discharge response to the snow melting was, though, faster in the Base-Run 

experiment which was the main reason for its increased efficiency as the discharge for each 

individual year was closer to the observations. 

 

Figure 15: Monthly averages of discharge (simulated and observed) and simulated 

evaporation flux in the Base-Run-Drainage experiment. The stacked values are monthly 

averages of the main water provider to the system: liquid precipitation (rain), snow melt and 

ice melt, converted to flow units. 

The main difference between the experiments was the use of storages. While in the Base-

Run experiment the main storage responsible for the discharge was the surface pooling 

water, in this run the main storage switched to the soil with the effective porosity storage. 
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Soil water pooling became much less important and only ever dominant in summer as a 

result of strong glacier melting which fully saturated the respective glacier sub-basins. The 

soil storage in this experiment was showing a much larger fluctuation during the year as a 

result of a smaller recession coefficient for the soil water return flow (soil runoff). This also 

means that the return flow was showing larger fluctuations as shown in Figure 16. Surface 

pooling water which was drained 3 times faster in the Base-Run-Drainage experiment was 

leading to the river discharge peak in summer in combination with a much higher soil runoff 

due to the storage build up during the snow and ice melting period. 

The Base-Run-Drainage run showed a reduced performance in the NSE derived for each 

time step and the monthly accumulated NSE in comparison with the original Base-Run 

experiment. This initially led to the decision to define the Base-Run experiment without the 

soil drainage process. But the results of this run showed that the soil drainage process 

allowed the formation of a primitive ground water system and tendencies of increased 

monthly mean discharge in an inter-annual comparison. This was an indication that an 

improved ground water system might be able to enhance the model setup, however, for 

further experiments the introduction of an aquifer module was decided on instead of further 

experimenting with the soil drainage. 

 

Figure 16: The different runoff components contributing to river runoff in the catchment 

using the Updated Base-Run setup. Soil runoff (green) is the return flow (soil drainage) of 

water in the effective porosity of the soil while surface runoff (blue) is combined discharge 

of pooling water on the surface and discharge of excess infiltration water. 

4.3 Aquifer Experiments 

The setup which extended the Base-Run with an additional aquifer was split into three 

experiments which did not only test it for potential efficiency improvements by simulating 

the added aquifer but also analysed potential improvement methods for accurate monthly 

accumulated discharge by altering the definition of the NSE. In the Aquifer-hourly 

experiment the NSE was calculated the same way as in the Base-Run experiment while the 

other two runs used NSEs which were calculated of daily and weekly accumulated discharge 

values. This changed the focus of the model simulation from trying to exactly imitate the 
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discharge curves of the observations to a focus of having a similar accumulated discharge 

and a better long term water mass balance between simulations and observations. 

4.3.1 Calibrated Parameters 

The calibrated values are listed in Table 4-2 for all three calibration processes. As in the base 

run, some values had strong optimums while others were fluctuating a lot in their calibration 

boundaries. Similar to the Base-Run, the value for the field capacity pore volume (wcfc), the 

infiltration capacity (mactrinf) and the discharge fraction of non-infiltratable water (srrate) 

were varying remarkably again but this time the effective porosity pore space (wcep) was 

fluctuating, too, while in the Base-Run experiment it settled close to a fixed value. The two 

new parameters which describe the recession coefficient for deep percolation to the aquifer 

(rcgrwst) and the delay coefficient (delay) for the water flow to the aquifer were also 

fluctuating and did not seem to have a clear optimum. This proves not to be completely true 

as a stronger correlation existed between the effective porosity and the recession coefficient 

for deep percolation which together caused similar aquifer inflows for most of the 

simulations. The other parameters showed very similar variations as they showed in the 

Base-Run experiment, except of the degree-day factor (cmlt) which fluctuated much less 

than in the Base-Run calibration process. 

Table 4-2: The calibrated parameter values for the aquifer-run simulations using hourly, 

daily and weekly accumulation periods for the efficiency value definition in the calibration 

process. 

Variable hourly daily weekly 

wcfc 0.06 0.68 0.25 

wcep 0.24 0.01 0.01 

srrcs 0.0160 0.0053 0.0034 

srrate 0.38 0.78 0.26 

mactrinf 91 23 99 

cmlt 0.40 0.39 0.40 

ttmp 0.42 0.78 0.74 

cevp 0.0025 0.0002 0.0002 

rivvel 2.0 2.0 2.0 

damp 0.67 0.19 0.04 

pcaddg 0.38 0.28 0.35 

rcgrwst 0.000081 0.000098 0.000098 

delay 222 150 229 

 

As expected, by lowering the lower bound of the evaporation control parameter (cevp) and 

by not having any ground water loss at the catchment outlet any more with the aquifer 

module, the increase of precipitation was much lower in these simulations. Instead of scaling 

the precipitation up to over 170 % as in the Base-Run experiment it was now only scaled by 

128 to 138 %. 

Figure 17 shows the monthly averages of discharge for the results of all three calibration 

methods in comparison with the observed discharge. Quite a difference is noticeable between 

the hourly and the other two runs which confirms the expectation of the daily and the weekly 

run to show better results in a monthly perspective. For an NSE derived for hourly values, 
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both the daily and the weekly experiments performed worse than the hourly one which had 

NSE values of 0.49 and 0.47 in comparison with a value of 0.54 of the hourly experiment. 

All these experiments were though better than the Base-Run experiment which mainly 

resulted of enabling the evapotranspiration to become less dominant and by allowing an 

increased degree-day factor. 

4.3.2 Discharge Analysis of the Different Calibration Schemes 

Although the daily and the weekly experiments were generally performing better on a 

monthly perspective, they were performing worse in the spring months March and April 

which are the most important ones in the snow melt forecasting. The main difference 

between the daily and weekly simulations were the precipitation amounts which were less 

for the daily experiment and led to its generally smaller monthly mean discharge, except in 

April to June (Figure 17). In these months the snow melt was allowing the daily experiment 

to discharge on the same monthly basis as the weekly experiment which was caused by a 

larger excess infiltration (with a lower potential infiltration parameter) in this experiment 

and higher discharge which resulted from this. The parameter for maximum infiltration was 

the lowest for all three model setup calibrations and the discharge fraction of the excess 

infiltration was much higher than in the other experiments. During the melting season the 

water added to the soil was often exceeding the maximum infiltration capacity and thus most 

of it was directly discharged in this experiment. 

The discharge in the daily and weekly experiments was dominantly created by pooling water 

on the soil surface – even stronger in the weekly than in the daily experiment. This higher 

pooling results of a much lower retention factor srrcs. As the hourly experiment was stronger 

trying to reproduce the individual discharge peaks it had a smaller surface pool water storage 

because this mostly damps the discharge and thus flattens out the discharge peaks. Also 

noticeable is that the hourly experiment had a lower threshold temperature for the degree-

day model which enabled larger snow melting in the winter and spring months which were 

producing the higher monthly discharge of this experiment but also left less snow for the 

summer where the monthly average discharge was thus reduced. The other two experiments 

had almost identical degree-day parameters and thus very similar annual discharge schemes. 
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Figure 17: Monthly discharge for the Aquifer experiments with three different methods for 

calculating the efficiency value in the calibration process (efficiency of every value, 

efficiency of daily accumulated values and efficiency of weekly accumulated values). 

4.3.3 Aquifer 

Although these runs all had a better efficiency than the Base-Run, they did not solve the 

problem of the too small spring discharge. The inclusion of an aquifer was mainly aiming 

on the inclusion of a continuous base discharge which is constantly added to the river flow 

so that only the peak discharges remain to be simulated by snow and ice melting. While this 

was the case, the Aquifer-hourly experiment showed though that a missing base discharge 

was not the key missing component of the system. As clearly visible in Figure 28 (in the 

Appendix) the aquifer helped to keep the discharge always above a minimum flow 

throughout the year which was sometimes, mostly in winter, higher than the minimum of the 

observation time series. But this was not raising the spring discharge above the winter 

discharge and especially not to the level of the much higher observed discharge in spring. 

Instead the aquifer was flattening out the annual discharge curve while this only partially 

improved the simulation in the spring. It was derived from these findings that the high 

average observed discharge in the spring months did not originate from the missing of a base 

flow in the model but originated from the accumulation of many short-term discharge peaks 

which in their frequency and amplitude caused high water accumulation. 

The strongly increased base discharge was only simulated in the hourly experiment while 

the other two simulations had a lower aquifer flow as they were using soil pooling instead 

as another medium response storage to reduce the flattening effect and to improve the 

accumulated discharge simulation. The hourly experiment, however, could not use the 

medium storage as its dumping effect would have reduced the accuracy of simulating 

discharge peaks and thus reduce its efficiency in the calibration. A better correlation of the 

simulated discharge to the observations in spring was thus only achievable by further 

enhancing the snow melting scheme as snow melting is the main cause for the short-term 

discharge peaks with relatively high amplitude. 
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4.3.4 Glaciers 

The reduction of the precipitation scaling factor (section 4.3.1 - page 66) also led to a 

reduction in snow fall on the glaciers. While the two smaller glaciers in the catchment still 

experienced a strong increase in their volume over the simulation period of 22 years, the part 

of the Vatnajökull which falls into the catchment kept a constant volume over time or even 

decrease in size a little (Figure 18). Especially the southern sub-basin of Vatnajökull 

experienced a decrease of about 3 % of its volume in the period. Although this value was 

still neglectable, a stronger reduction may have caused problems in the calibration because 

of the decrease of the glacier area and thus a reduction of glacier melt over the simulation 

period. The sub-basins lay completely in the ablation zone of Vatnajökull as the line of 

equilibrium was further up the glacier. This indicates that in reality in a long term view 

higher melt rates than accumulation rates could be expected. In the simulation this would be 

expressed by a steady ice volume reduction over time while in reality this is less dominant 

because of the movement of the glacier which will slowly push in new ice from upper regions 

of Vatnajökull. As the model cannot reflect this movement it was assumed that the glacier 

volume of the two parts of Vatnajökull stays constant over the simulation period while the 

increased precipitation was supposed to make up the missing ice which in reality would 

move-in by the glacier propagation. With this assumption the precipitation scaling was 

always evaluated to be above 135 %. 

 

Figure 18: The change of glacier volumes over the simulation time as relative factors to 

their initial volume for all four glacier sub-basins in the Aquifer-hourly experiment. 

4.4 Radiation and Half-Year Experiments 

The simulations with additional aquifer system showed that a missing groundwater scheme 

was not the main factor for the underestimated spring water discharge in the model setup. 

Rather a frequent series of many short but extensive snow melting events was the reason for 

much higher monthly discharge averages in the months between February and May. The 

Base-Run and the Aquifer experiments all showed that the used degree-day model, alone, 

was not able to efficiently simulate these melting spikes. Thus the simulation of additional 
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melting caused by incoming solar radiation was introduced. The aim of these experiments 

was to have a more advanced melting model which combines both mechanisms. This offered 

the calibration more options to efficiently simulate the long term melting processes in the 

beginning of the summer and also the frequent short term melting events in the spring. Three 

experiments were created which used the addition of solar radiation induced snow melting. 

The first one was extending the Aquifer-hourly simulation by the radiation term. The other 

two were additionally adding in the soil drainage simulation term while they were also only 

calibrated for the first 6 months of the year. One of them used an hourly comparison for the 

NSE calculation (Half-Year-hourly) while the other one used a weekly accumulation of 

discharge for the NSE derivation (Half-Year-weekly). 

4.4.1 Calibration Parameters 

Table 4-3: The calibrated parameter for the three experiments using a solar radiation snow 

melting module. Radiation is the experiment calibrated with the whole observation time 

series while hourly and weekly are both Half-Year experiments which were only calibrated 

for the first 6 months of the year, while the weekly experiment was additionally calibrated 

with weekly accumulated discharge values. 

Variable Radiation hourly weekly 

wcfc 0.85 --- --- 

wcep 0.31 0.47 0.36 

srrcs 0.0172 0.0289 0.0059 

srrate 0.26 0.55 0.63 

mactrinf 81 200 341 

cmlt 0.20 0.34 0.47 

ttmp 0.89 1.08 1.7 

cevp 0.0054 --- --- 

rivvel 1.9 1.4 1.9 

damp 0.9 0.61 0.17 

pcaddg 0.43 0.46 0.35 

rcgrwst 0.000063 0.000047 0.000029 

delay 119 168 95 

snalbkexp 0.0027 0.0030 0.0065 

cmrad 0.0035 0.0039 0.0026 

cmrefr 0.73 0.39 0.23 

rrcs1 --- 0.00082 0.0027 

    

    

 

The calibration values in Table 4-3 show similarities with the calibration of the Aquifer 

experiments between the runs which used NSE values for each time step (Radiation and 

Half-Year-hourly) and the experiment which used NSE values for weekly accumulated 

discharge (Half-Year-weekly). The weekly experiment show again a trend for using the soil 

water pooling as an active water storage with a very high infiltration capacity (mactrinf) and 

a very low discharge retention rate for pooling water on the soil surface (srrcs). The soil 

water pooling though was lower than in the equivalent run of the aquifer experiments as also 

the soil was used as active storage with a relatively high return rate (rrcs1) for soil water. 

All three experiments showed increased degree-day threshold temperatures which indicate 



71 

that the solar radiation was taking up a big part of the melting in the spring while the 

refreezing factor added in the temperature dependency to the radiation module to control it. 

4.4.2 Discharge 

All three experiments, including the Radiation setup which was calibrated with the full 

observation time-series were performing much better in the spring months than all the other 

experiments. Figure 19 (below) shows that all three experiments were simulating a discharge 

increase during the spring months and both experiments which used a NSE calculation for 

each time step (Radiation and Half-Year-hourly) were quite meaningful in even simulating 

the discharge peaks, although with generally reduced amplitudes. Both experiments show a 

significant improvement in the spring months but a reduction of accordance in the summer 

months, regardless of the applied calibration methods. This proved the expectations of the 

radiation module to be able to simulate the fluctuations in discharge in the spring much better 

than the other setups; The improvement in simulating discharge in spring was obviously 

weighing more than the slight reduction of the performance in summer. While the addition 

of the solar radiation module definitely helped to improve the spring simulations, the aquifer 

still played a not unimportant role in the simulations. In both the Radiation and the Half-

Year-hourly experiments a minimum discharge was provided by the aquifer flow which was 

similar to the one described for the Aquifer-hourly experiment. This was the main reason for 

too high winter discharges in the simulations as in the winter months the minimum discharge 

provided by the aquifer was often higher than the observed discharge. The same findings in 

the Aquifer-hourly simulation led to the reintroduction of the soil drainage into the Half-

Year simulations as the hourly experiment was missing a medium storage for water. As the 

results of the Half-Year hourly run show, though, this addition did not help to lower the 

minimum discharge in winter compared to how this was done in the Aquifer-daily and 

weekly simulations. Instead, the soil drainage had a very low influence on the discharge 

pattern and could be neglected, again, in following experiments. The addition of the soil 

drainage was enabling the Half-Year-weekly experiment to use another storage. Similar to 

the Aquifer-weekly experiment it did not show the increased discharge in winter as of a 

lower aquifer regression coefficient (rcgrwst) for the groundwater flow, instead it used the 

soil and soil pooling water for shorter term water retentions to allow for higher discharges 

during the summer. 
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Figure 19: Annual discharge statistic of daily mean values of the observations and the 

simulations of the Radiation experiment and the two Half-Year experiments. For the 

observation time series, the standard deviation and double standard deviation are shown as 

well. 

In the Half-Year-weekly experiment the weekly accumulated discharge values for the NSE 

calculation led to a levelling out of the spring discharge fluctuations. This marked that this 

experiment was performing more poorly in the spring months where it showed similarities 

to the Aquifer-weekly experiment which was producing the best results in comparison to the 

other experiments of the Aquifer setup. On a full year’s perspective this simulation was also 

much closer to monthly average observed discharges (Figure 20) with the only two months 

were it did not perform as well as the other two experiments being March and April where 

it deviated strongly. It was also interesting to see that the weekly experiment was performing 

quite well in catching the mean monthly discharge in autumn and winter while it was 

calibrated only for the first half of the year. This was an indication that the autumn discharge 

was mostly depending on rainfall and the main parameter which controlled the performance 

in this time was the precipitation scaling factor. This factor was exactly the same between 

the Half-Year-weekly and the Aquifer-weekly experiments so that the simulations also 

showed very similar results for the autumn. 

All three experiments show a clear ditch in the simulated discharge in July (Figure 20) where 

the snow melting was declining strongly, already, while the precipitation was still increasing 

towards winter. This pattern was a sign that the glacier melt discharge might have been too 

low and that glacier melting would have been able to provide the needed water in the middle 

of the summer. Glacier melt was kept very simple in all model setups. A degree-day model 

was used and its parameter were set to values drawn from relevant scientific literature. The 

results of the Radiation and Half-Year experiments let assume though, that potentially more 

accurate simulations could be achieved with an update of the glacier melting scheme, 

similarly to the snow melting. Especially the albedo plays a big role in glacier melting. It 

decreases strongly at the time when new snow layers on the glacier disappear and the 

multiannual ice is revealed. While this would ideally be simulated by a seasonally changing 

albedo for the glaciers it, though, exceeds the capability to be simulated by the HYPE model. 

Further research and greater focus on glacier melt could still potentially improve discharge 
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simulation accuracy in the summer. In all previous simulations the snow lasted longer into 

the summer and was providing more water in this time while in the three experiments using 

the Radiation module stronger snow melting happened in the spring leaving less for the 

summer. 

 

Figure 20: Annual discharge statistic of monthly mean values of the observations and the 

simulations including the module for solar radiation snow melting; the Radiation experiment 

and the two Half-Year experiments. 

4.5 Updated Base-Run Experiment 

In the experiments which included extra modules to test the possibility for improvements of 

the model some parameter ranges were adjusted as these parameters were seen too restrictive 

and cause of reduced accuracy in the simulation results. The original Base-Run experiment 

was set up to be as close to reality as possible with the chosen parameters and at the same 

time the setup was kept relatively simple. The change of the calibration ranges of two 

parameters, the degree-day factor and the evapotranspiration factor, showed large 

improvements of the NSE in the experiments following the Base-Run. Thus the Updated 

Base-Run experiment was created to see what improvements these changes would generate 
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in comparison to the original Base-Run experiment, using the knowledge gained in the 

previous experiments. 

 

Figure 21: Monthly averages of the observed and simulated discharge time series and the 

accumulated sources of water into the mode by snow and ice melt and by rain as well as the 

evaporation water loss (all values are converted in flow to and from the whole catchment) 

for the Updated Base-Run experiment. 

The results of these changes are quite dominant as Figure 21 shows. The evaporation which 

was the dominant water sink in the original Base-Run experiment was not noticeable 

anymore in this one. As already predicted in the analysis of the Base-Run experiment the 

reduction of this water sink caused a strong reduction of the upscaling parameter for the 

precipitation which was calibrated to 140 % in this experiment instead of 176 % of the 

original one. Additionally, the reduced water loss in summer also allowed a lowering of the 

degree-day threshold parameter which was scaled to 0.8 °C. This caused larger snow melting 

in the winter period, where in the original experiment only the rain precipitation was 

dominant for the discharge, and also pulled the main snow melting period further into the 

spring. As a result, melting in March increased a fair bit while it decreased in June. Except 

of a general improvement of the overall simulation the results still showed the same 

weaknesses as the original Base-Run: The spring discharge was largely underestimated and 

did not show accumulated discharge close to the observations. 

Especially when looking on the rest of the year very similar patterns in the monthly average 

discharge in regards to the Base-Run experiment are noticeable (Figure 12). Similar to the 

Aquifer experiments the degree-day parameter was calibrated to a value right below the 

upper calibration bound. The simulation thus still seemed to struggle with the spring 

discharge peaks in the observations which was just improved with the addition of the solar 

radiation module. The reduced evapotranspiration in the summer did not increase the 

amplitude of the annual discharge curve throughout the year, instead the amplitude was still 

very similar to the one of the Base-Run experiment. This mainly results of the higher melting 

rates in the winter which reduces the offset of the summer melting which is now completely 

converted into discharge without dominant evapotranspiration losses. 
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4.6 Summary 

 

Figure 22: The deviation of the monthly accumulated water amounts of the simulated 

experiments in comparison to the observations for each experiment. 

Figure 22 shows a summary of all experiments conducted in this thesis. The diagram shows 

the average monthly discharge of each experiment, offset by the average monthly observed 

discharge. The comparison of all model setups shows steady improvements of the 

simulations with each additional module added but also the same trends for all experiments 

to overestimate winter discharge and underestimate summer discharge. The main focus was 

laid on the model ability to simulate sufficient accumulated discharge over longer periods 

and thus the efficiency of monthly accumulated discharge was the main focus. Figure 23 

shows the NSE values for all simulations and for different accumulation periods, while they 

are sorted according to their monthly NSE, which is supposed to be the best indication for a 

good performance on simulating long term accumulated discharge. 

The diagrams in both figures show that the Base-Run experiments were not performing great 

in a monthly perspective. Large deviations between the simulations and observations are 

visible in Figure 22 for the Base-Run and its two altered versions, the Base-Run-Drainage 

and the Updated Base-Run, throughout the whole year. The generally underestimated 

discharge in the summer weighed more in these runs than the winter where they 

overestimated discharge. Especially in the spring they show worse performance than any 

other run. The large deviations are also shown in Figure 23 where all of these 3 experiments 

have the lowest monthly NSEs while the hourly NSEs were often much better because they 

also capture the ability of the model to simulate specific events and patterns, even though 

the long term discharge was largely different from the observations. 

First improvements to the Base-Run experiment could be made by including an aquifer to 

the Base-Run setup which was evaluated with the Aquifer experiments. All Aquifer 

experiments were generally much closer to the observations and showed general 

improvements in the water balance with larger monthly performance indices. As expected 

the Aquifer-weekly experiment performed the best in this group as its calibration had a 

stronger focus on accumulated water helping the calibration of the aquifer which is a slow 
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responding system. Slight improvements also came by allowing these experiments to use 

larger ranges for some parameters in the calibration process. This led to the development of 

the Updated Base-Run experiment which was able to simulate more accurate discharge 

throughout the year than the original Base-Run experiment and especially in regards to the 

hourly NSE it was one of the most accurate experiments. Its monthly performance was much 

poorer, though, making it unusable for the simulation of accumulated discharge. Although 

they showed large improvements in simulating more accurate discharge in the spring period 

and throughout the year, all these experiments could still be improved. 

The best performance was achieved with the extra addition of a solar radiation snow melting 

module in the Radiation and Half-Year experiments which produced much closer results to 

the observations. The Radiation setup, which was the extension of the base Aquifer setup 

(Aquifer-hourly), was the absolute best performing experiment in all NSE values while it 

was followed close-by by the Half-Year experiments. These two Half-Year experiments 

include all modules explained above (the soil stream (return flow) module, the aquifer 

module and the solar radiation module) and they would probably be the best performing 

experiments on an annual perspective if they were calibrated for the full year. For them it is 

again interesting to compare the weekly and the hourly experiment (Figure 23). In these the 

hourly experiment was performing slightly better because the solar radiation snow melting 

module created very quick responding discharge and thus allowed to be calibrated on time 

steps much smaller than a week. Both Half-Year experiments, though, also calibrated the 

aquifer parameters and thus the slightly better performing hourly experiment is indicating 

that the solar radiation module was bringing more benefit to the overall performance than 

the aquifer module. Except of the summer, where for a short period of time their accuracy 

dropped drastically in the monthly averages, the Half-Year experiments and the Radiation 

experiment showed much smaller differences to the observed discharge and their largely 

improved accuracy in simulating spring melt show great potential in using them for further 

research on forecasting spring melt discharge.  

The diagram in Figure 23 shows also that for all experiments the NSE derived from weekly 

accumulated discharge was always the highest which is an indication for the small shifts in 

the discharge peaks of the simulation in regard to the peaks observed in the river discharge. 

A shifted peak will give quite a good result in the daily or weekly NSE while it does result 

in low results in the hourly NSE. The monthly NSE is on the other hand already much more 

focussed on the actual long term water balance in the model so that it does not show this 

effect. 
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Figure 23: A comparison of all simulation runs for their model performance in regards to 

an hourly NSE value, weekly accumulated NSE and monthly accumulated NSE. 

4.6.1 Accuracy of Spring Discharge Simulation 

While the analysis above showed that the setups which include both, an aquifer and the solar 

radiation melting module, performed the best on an annual perspective the focus was further 

decreased on only the spring period between February through May (both months included). 

The general sorting did not change too much with this special focus (Figure 24), the Base-

Run experiments were still the poorest performing, the Aquifer experiments were in between 

and the Radiation experiments were the best. Some smaller changes in these three groups 

are though noticeable in the figure. The most anticipated one is that the Half-Year-hourly 

run was the best performing experiment which was expected as it was specially calibrated 

for the first half of each year and thus the spring had much more weight in its calibration. 

But also in the other groups some interesting changes happened: The hourly Aquifer 

experiment overtook the weekly experiment as it could be better calibrated to the strongly 

fluctuating discharge in the spring. The weekly experiment was flattening the discharge too 

much and thus did not manage to produce as accurate discharge values for the spring time. 

Another interesting part is that the Base-Run-Drainage experiment, which had an additional 

component to allow return water from the soil, performed better in spring than the original 

Base-Run experiment. The reason for this is that this setup had an extra option to store water 

during the spring period, similar to the aquifers, which allowed generally higher spring 

discharge. An updated experiment for this Base-Run-Drainage setup with the same 

optimisation as in the Updated Base-Run experiment would probably put it in between the 

other Aquifer runs in the spring efficiency comparison. 

The range between the efficiency values changed for the spring period. While the radiation 

runs showed a better efficiency for spring than for the whole year, the Base-Runs showed 

the opposite trend of adverse efficiency in the spring period then in the whole year. With a 

monthly NSE of more than 0.8 the Half-Year-hourly experiment seemed to be quite 

consistent in regards to long term water balance in the model and thus it was see suitable for 

application in a forecasting simulations. 
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Figure 24: A comparison of the simulation performances of all experiments for non-

accumulated discharge (hourly), weekly and monthly accumulated discharge for just the 

time period February to May in each simulation year. 

4.6.2 Accuracy of Simulating Accumulated Spring Discharge 

The comparison of all experiments above showed that the Radiation experiment, which was 

the best performing experiment for the whole year, as well as the Half-Year-hourly 

experiment, which was even better performing in the spring period, both show potential in 

predicting spring discharge. 

In the following sub-section their performance in simulating accumulated discharge for the 

melting season is evaluated for each simulation year. In Figure 25 (below) the accumulated 

discharge is shown for the months March, April and May for the years 1990 to 2010. The 

observations are shown in stacked bars in blue and the simulations of the Half-Year-hourly 

and the Radiation are given as horizontal lines in red and orange respectively. Between 2001 

and 2002 there is a small gap as this is the time where the observations became available on 

an hourly basis instead of the daily values in the period before 2002. This change can also 

be seen in the comparison of the simulations to the observations. Before 2002 all simulations 

show a higher accumulated discharge than the observations over the months March to May 

which is mainly caused by relatively higher discharges simulated for March. For the Years 

after 2002 the simulations are much closer to the observations and show slightly lower 

accumulated discharge. This difference results out of the assumption that the observed 

discharge value which was given once per day for the period before 2002 is close to the 

average discharge at the respective days. The value was always measured at 12pm at each 

day and seems to lie on average below the effective mean daily discharge which results in 

the reduced accumulated values for these years shown in the figure. This also shows that 

there was a noticeable diurnal cycle in the river discharge which was probably caused by 

snow melting during the day which increases discharge in the afternoon or night. 
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Figure 25: The accumulated discharge of the three months March to May for each simulated 

year. 

Further on, only the values from 2002 onwards were considered. These show that both 

experiments were generally simulating too low accumulated discharge over all three months. 

The Half-Year experiment which always simulated larger accumulated water discharge was 

thus closer to the observations than the Radiation experiment. The discrepancies between 

the accumulated water of all three months in the simulations and the observations lay 

between -12.6 to +6.2 % in the Half-Year experiment and between -18.4 to -2.2 % for the 

Radiation experiment. The percentages are showing the missing water in comparison to the 

accumulated water of the observations. The discharge accumulation over the whole main 

melting period is thus showing relatively low differences while the focus on one month gives 

a much wider spread. These deviations were, though, often balanced on a longer perspective 

by the other months which showed a tendency to balance a larger deviation in one month 

with a deviation in the opposite direction in the other months. These discrepancies are results 

of wrong timings of the simulated discharge and a view over the whole main melting period 

will not show them. 

In consideration of all years the monthly accumulated discharge was on average below the 

monthly accumulated discharge of the observations in the summer time and above it in 

winter. Table 4-4 below shows that the Half-Year-hourly experiment generally simulated 

more discharge than the Radiation experiment so that for a whole year the water deficit was 

very low for the Half-Year-hourly experiment with on average only 4 107 m3 water missing 

while the Radiation simulated much larger annual deficits of about -19.3 107 m3 water. Apart 

from that the Radiation experiment showed less strong monthly derivations, although they 

are adding up to a larger annual deficit. Especially in winter the Half-Year-hourly 

experiment simulated much higher surpluses of water which cancelled out the deficit it 

simulated in summer. In relation to the observed discharge the differences of the simulations 

were relatively low, except of the summer months June and July where the average deficits 

were larger than 25 % in both experiments.  
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Table 4-4: Average surplus/deficit of monthly accumulated water of the Radiation and the 

Half-Year-hourly experiments in comparison to the observed monthly discharge. 

Month Observed Discharge Radiation Half-Year-hourly 

 [107 m3] [107 m3] [107 m3] 

January 17.8 2.4 4.0 

February 18.0 1.1 2.4 

March 19.7 -1.2 0.4 

April 27.8 -3.3 -1.7 

May 28.3 -2.7 -1.8 

June 31.0 -7.9 -7.5 

July 34.0 -8.4 -9.4 

August 31.8 -3.6 -1.8 

September 27.1 -1.8 0.1 

October 22.2 2.2 3.9 

November 18.0 2.3 4.0 

December 19.9 1.6 3.4 

Annual 295.7 -19.3 -4.0 

 

4.7 Accuracy of Forecasting Accumulated Spring 

Discharge 

The Half-Year-hourly experiment has proven to be relatively accurate in simulating 

accumulated discharge for the spring period of the calibration years. With that in mind the 

model setup was evaluated further for its ability to forecast discharge in years which were 

not used for its calibration but which did have observation values available. For this the setup 

was simulated again but this time the simulation period was extended to the end of 2015. 

The years until the end of 2010 were thus simulated exactly the same way as before with the 

same results while the simulation state at the end of 2010 was the initial state for the 

forecasting period. The resulting values for accumulated discharge of each month in relation 

to the observed discharge are shown in Table 4-5. 
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Table 4-5: The monthly accumulated observed discharge (Qobs) and the deviation of the 

forecasted discharge to these values (ΔQ) for all fife forecasting years in the Half-Year-

hourly experiment. 

Month 2011 2012 2013 2014 2015 

 𝑸𝒐𝒃𝒔 𝚫𝑸 𝑸𝒐𝒃𝒔 𝚫𝑸 𝑸𝒐𝒃𝒔 𝚫𝑸 𝑸𝒐𝒃𝒔 𝚫𝑸 𝑸𝒐𝒃𝒔 𝚫𝑸 

Jan 12.9 4.6 14.3 3.8 21.3 4.3 9.8 8.9 12.9 7.3 

Feb 12.1 10.2 20.1 -1.0 26.6 -0.6 7.8 7.6 12.2 5.3 

Mar 14.9 3.9 23.3 1.4 17.3 0.3 9.5 8.3 13.6 12.1 

Apr 25.3 4.9 22.0 -4.8 12.6 4.0 19.5 0.7 16.1 4.4 

May 43.8 -14.2 29.7 -3.7 21.8 1.9 28.2 -1.9 21.7 5.7 

Jun 34.9 -13.1 26.5 -4.7 36.2 -3.6 32.0 -6.3 37.6 -8.5 

Jul 38.7 -16.4 28.7 -7.7 32.5 -9.4 37.2 -8.0 32.6 -8.9 

Aug 26.4 -3.0 27.6 0.5 26.8 1.7 23.6 2.7 32.6 -4.7 

Sep 23.2 6.2 19.6 2.8 16.6 2.4 23.0 4.3 31 -0.7 

Oct 24.1 4.5 15.3 5.0 12.9 7.7 19.3 9.7 36.2 8.8 

Nov 27.3 7.6 10.2 6.9 9.2 8.1 25.7 7.7 21.7 3.4 

Dec 13.9 3.7 12.7 7.2 9.1 8.6 14.6 7.4 15.6 7.9 

Year 297.4 -1.1 249.9 5.7 242.8 25.4 250.2 41.2 283.9 32.0 

The values in the table are given in 107 m3. 

 

The results in Table 4-5 show the same tendency of the simulation to underestimate summer 

discharge and to overestimate winter discharge. Especially in winter where the observations 

show a generally lower accumulated discharge the simulations sometimes overestimated the 

discharge by up to 100 %. These overestimations became much weaker during the spring 

period while the deviations became stronger again is summer with underestimated discharge. 

Figure 26 shows a bar plot with stacked bars for monthly accumulated discharge of the 

observations and the simulations. The months regarded are February to June (both included), 

as this was shown to be the transition period between overestimation by the simulation to 

underestimation. The diagram shows that the differences became larger than for the years 

inside the calibration period, which was expectable. The deviation for the total accumulated 

water between February and June ranged between -10.6 % and +18.7 % in comparison to 

the accumulated water of the observations. Thus in total the simulation of these five years 

calculated about 3 % higher accumulated discharge for the months February to June than the 

observations showed which is a reversed trend than in the calibration time period where the 

model was generally simulating less water runoff than observed. The same is seen in Table 

4-5 where for a full year the simulations show slight overestimations of discharge. But these 

overestimations are relatively low and only in a range of up to 15 % difference to the 

observations. With the focus on just March to May, again, the differences were -7.0 % and 

-9.5 % for the first two years, +11.9 % and +12.6 % for the years 2013 and 2014 and +43 % 

for the year 2015. The first four values are very good results while the last one for 2015 is 

much too high. This overestimation is also seen in the range between February and June, 

although there it is much lower with just +18.7 %, because June in this year was strongly 

underestimated and thus had a balancing effect on the accumulated discharge. For all five 

years it is shown that June and July were generally underestimated in all simulation years 

while the discharge in February was often overestimated by the model. This is the same trend 

as already discussed in the model simulation analysis (Figure 20 – page 73). Thus to get 
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more accurate accumulated discharge values, a sum of simulated discharge which ranges 

from late winter to early summer is always performing better as the overestimated winter 

discharge can make up water which is underestimated in summer. As the over- and 

underestimation trend in the setup remain relatively steady for the different months of the 

year further research could potentially improve the simulation performance by using 

statistical analysis and nudging the simulation results accordingly. Furthermore, still an 

unknown source of errors remains which comes from the meteorological forcing data. The 

HARMONIE weather model which produced the meteorological data used in this research 

was assumed to reproduce the weather situation precisely as nothing was known about its 

accuracy in the study area. As the analysis of the snow cover area showed (Section 4.1.5) 

this is not quite the case as the HARMONIE data itself was corrected in its simulations. It is 

assumed that a better knowledge of the error sources and accuracy of the HARMONIE model 

in the study area can also help to improve discharge simulations of the HYPE model. 

 

Figure 26: Monthly accumulated discharge of the observation time series (blue) and the 

Half-Year-hourly time series (red) for the years 2011 to 2015 which lie outside of the 

calibration episode. 

The results of the forecasting experiment show that the simulation produces larger 

differences when used in a forecasting scenario, even when forced with assumed relatively 

accurate data. The forcing was done with the same data source which was used for the 

calibration period and expectedly the model responded well to it. When used for actual 

forecasting the weather is not known and has to be created itself by forecasting, which will 

bring extra sources of errors to the simulations so that eventually even larger deviations 

between the simulated discharge and the observed discharge can result. These errors remain 

to be solved in a future analysis on this subject where the main focus should be on creating 

a sufficient weather creator model which produces the input for the HYPE scenario. 
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Conclusion 

This master thesis has got the goal of creating a hydrological discharge model which is able 

to simulate as accurately as possible the spring melt discharge in the Tungnaá catchment. Its 

practical value will derive from a coupled meteorological and hydrological forecasting 

model which can be applied for improved water resource management by the Icelandic 

National Power Company (Landsvirkjun). The huge advantage of using the selected model 

for the discharge simulations, HYPE, is that, once calibrated, the model is able to simulate 

several years in only a few minutes which makes it a perfect tool for quick analyses and 

therefore reduces the need of large computing centres for simulations. 

The hydrological features of the examined catchment were relatively unexplored and not 

much was known about the interplay of different hydrological factors on the discharge. 

Especially soil and groundwater properties were mainly unknown. The catchment in general 

is a very sparsely vegetated area with dominating gravel and sand soils. The rough surface 

is known to allow very quick and large scale infiltration and the soil has a large pore space 

which implies an extensive ground water system. 

The lack of knowledge about further hydrological soil properties of the selected catchment 

and missing observation data required a relatively simple model setup. Therefore, a basic 

HYPE model setup was created at first, with a generalised homogenous soil in the whole 

area and under consideration of only fundamental processes for hydrologic simulations. This 

model is forced by meteorological data created by the HARMONIE model, operated by the 

Islandic Meteorological Office, and uses discharge measurements of a gauging station as a 

reference. Generally, the simulated discharge shows close accordance with rain precipitation 

in winter and with steady meltwater production through snow and ice melt in addition to the 

rain in summer. Although the first setup was able to reproduce the same basic patterns which 

were shown in the observations, monthly accumulated discharge often deviates strongly 

from the observations and especially in spring large discrepancies are noticeable. 

Further model improvements were needed to increase the accuracy of the accumulated 

discharge in the simulations. To better match the processes in the soil which showed large 

scale groundwater activity in other studies for this area, an aquifer module was added to the 

setup. Although this expanded setup generally improved the discharge simulations for the 

whole year this adaption of the model still did not lead to sufficient improvements for an 

accurate simulation of water discharge in spring. Measurements during this time of the year 

show massive fluctuations throughout the spring months which mainly result from short term 

but intensive snow melting events which are difficult to reproduce in the model. To capture 

these, the setup was further enhanced with an additional snow melting/solar radiation 

module. This allowed the model calibration in order to simulate more accurate melting 

events and thus largely increased simulation discharge accuracy in spring. The main patterns 

of observed discharge can be simulated with the application of these two modules. The final 

improvements were achieved by narrowing the focus for the calibration process on just the 

first half of the year. With this setup the model was capable of simulating a fairly accurate 

accumulated spring discharge with deviations from observation of less than 20 % for an 

accumulated discharge over a period of 3 months (March through May). 
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By applying this model setup for another 5 years period (outside the calibration period) a 

relatively close agreement between simulation and observations could still be achieved. For 

the main melting events mostly offsets in time became more pronounced; so that the 

accuracy of the results has been decreased for short periods of time. For the months February 

through June the differences between simulations and observations were still low (less than 

20%) however, the deviations ranged up to 50 % for a shorter period. 

The main goal of this thesis was to create a model setup in the HYPE model, suitable for 

accurate simulations of accumulated spring discharge using meteorological model data as 

input. With the final model setup promising results could be achieved which show potential 

for the HYPE model to being used for discharge simulations in the Iceland highlands. 

However, there is still room for improvement in respect of this setup. Especially focussing 

more on glacier melt, the model could potentially be further improved, since the current 

implementation of ice melt is relatively simple. It also remains a subject for further studies 

to expand the research area to other catchments in Iceland while applying the introduced 

methodology and evaluating the use of the HYPE model under islandic environmental 

conditions. Furthermore, weather forecast model output needs to be adjusted in order to 

provide suitable forcing data for this hydrological model. Eventually these measures could 

lead to a coupled model system capable of predicting accumulated water discharge with an 

acceptable accuracy. 
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Appendix A 

Base Run discharge time series 
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Aquifer-hourly experiment discharge time series 
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