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Abstract 
 
Mapping of Water under a Part of the Greenland Ice Sheet Using Ice-Penetrating Radar 
Anna Svensson 
 
The contribution to the global sea level change from the large ice sheet of Greenland and Antarctica if 
both ice sheet where to melt completely, is estimated to be approximately 70 meters. How much the 
actual contribution would be, is due to complex ice dynamics still unclear. It is crucial to gain knowledge 
about the spatial distribution of wet and frozen beds, in order to increase the understanding of ice-sheet 
flow. There are yet no complete models available that can fully explain and describe ice sheet motion 
and the feedback mechanisms that are involved, making this topic important for future predictions and 
modelling of the impact of a warming climate. 

Radar sounding can be used for distinguish the different reflectivity between wet and frozen beds, 
this is however limited by uncertainties caused by scattering and attenuation. To be able to map the 
spatial distribution of subglacial water, attenuation needs to be taken into account.  

Here, mapping of water under a smaller part of the Greenland ice sheet was performed, and three 
different methods for acquiring attenuation values was used to obtain a suitable value of the attenuation. 
A CMP analysis, an attenuation model based on temperature data and an attenuation estimation derived 
from common-offset radar data, the mean attenuation value from these methods was used for the deter-
mination of the reflectivity. Hydraulic potential calculations was also performed, analyzed and com-
pared with the result from the mapping of the reflectivity.  

Higher reflectivity was observed closer to the front of the glacier, indicating wetter basal 
condition in that area. This area did also have more moulins and sinks which could lead water 
from the surface down to the base of the ice. 
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Populärvetenskaplig sammanfattning 
 
Kartering av subglacialt vatten under en del av Grönland med hjälp av markradar 
Anna Svensson 
 
De båda istäckena Grönland och Antarktis uppskattas kunna bidra till den globala havsytehöjningen med 
ungefär 70 meter om de bägge istäckena skulle smälta helt och hållet. Hur mycket det faktiska bidraget 
skulle bli, är på grund av komplex isdynamik fortfarande oklart. Det är av yttersta vikt att öka kunskapen 
om den rumsliga fördelningen av frusna och icke-frusna bottnar under ett istäcke, för att öka förståelsen 
om isrörelse. Det finns i nuläget inga modeller som helt och fullt kan beskriva och förklara istäckens 
rörelse och de återkopplingsmekanismer som är involverade, vilket gör detta ämne viktigt för framtida 
förutsägelser och modellering av inverkan av ett allt varmare klimat.  

Radar kan användas för att särskilja den olika reflektivitet som uppvisas mellan frusna och icke-
frusna bottnar, detta är dock begränsat på grund av dämpning och spridning av radarvågor genom isen. 
För att kunna kartera den rumsliga fördelningen av subglacialt vatten, behövs bland annat dämpningen 
i isen tas med i beräkningarna. 

Kartering av vatten under en mindre del av istäcket på Grönland har utförts i detta arbete, och för att 
erhålla ett bättre värde på dämpningen i isen användes tre olika metoder. En CMP-analys, en 
dämpningsmodell baserad på temperatur data och en dämpningsbedömning baserad på common-offset 
radardata, och medelvärdet på dämpningen från dessa tre metoder användes för fastställandet av 
reflektivitet i det undersökta området. Beräkningar av hydraulisk potential utfördes också, vilket 
analyserades och jämfördes med resultatet från karteringen av reflektivitet.  

Högre reflektivitet observerades närmre fronten av glaciären, vilket är en indikation på att vatten 
finns vid botten i det området. I detta område fanns också fler brunnar som skulle kunna leda ner vatten 
från ytan till botten av glaciären. 
 
Nyckelord: Grönland, dämpning, reflektivitet, CMP 
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1. Introduction 

The large ice sheets of Greenland and Antarctica contains enough ice to contribute to a sea level rise of 

roughly 70 meters if all ice were to melt completely (Shepard & Wingham, 2007). Greenland which is 

the second largest ice cap in the world, contains approximately 2.5 million km3 ice, or roughly 10 % of 

the total ice mass (Chen et al. 2006). Melting of this ice sheet alone would lead to a sea level rise of 

almost 7 meters (Bartholomew et al. 2010).  

The knowledge of how an ice sheet as a whole responds to climate change is sparse (Price et al. 

2011). It is clear, however, that higher mean annual temperatures leads to reduction of the global ice 

volume. Even though some ice sheets gain mass due to increased precipitation, the total mass balance 

is uncertain. The reason for no unified model of glacier dynamics is because of the feedback mechanisms 

not yet being fully understood, as stated by Rahmstorf (2007) as well as by Price et al. (2011), and it is 

therefore important to gain knowledge in this area. One of those mechanisms is the enhanced basal 

sliding due to lubrication of the bottom of a glacier when meltwater from the surface reaches the bottom 

of an ice sheet. Higher summer temperatures leads to higher surface meltwater production where water 

can flow to the base of an ice sheet and is a component for the transfer of heat and fluids which in turn 

can lubricate the bottom of a glacier. The increased basal sliding enhances a mechanism for rapid 

response to climate change and this flow of surface water transferring heat for further basal melting is 

believed to be the main response of the Greenland ice sheet to a warming climate (Zwally et al. 2002). 

The increased melting of a glacier will lead to higher amounts of water at the bottom of the ice sheet, 

and thus increase the flow of ice towards the coast which can reach the sea. When the ice eventually 

reaches the sea it can break up, a process called calving, and this can in turn lead to a higher contribution 

to the sea level change than the contribution from melting alone (Shannon et al. 2010).  

This ice loss due to an accelerated flow, dynamic thinning, is as stated by Pritchard et al. (2009) 

fastest where glaciers speed up due to ice shelf collapse. Khan et al. (2014) observed that increased 

surface melting and dynamic thinning that is linked to the speed up of glaciers is primarily located where 

large parts of the ice margin are in contact with the ocean. When air temperature increases, the sea ice 

concentration can be reduced leading to heavily calving and retreats of the front. This will in turn lead 

to reduction of the back stress that acts on lower glaciers and generate an acceleration that propagates 

upstream. This combination of factors increases the driving stress when the surface of the glacier 

steepens. 

In areas where the ice sheet margin is situated inland, the mass loss is instead controlled by 

atmospheric forcing (Khan et al. 2014). Increased basal sliding due to surface meltwater could lead to 

an increased thinning rate, as well as an increased migration of the ablation zone (Zwally et al. 2002). 

The motion of an ice sheet results from the combination of internal deformation due to the weight of 

the overlying ice, sliding at the interface of the ice bed and deformation of underlying sediments. The 
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cause of fast ice motion (velocities of over 100m/year) is usually basal sliding over well-lubricated beds 

(Joughin et. al. 2008). More meltwater leads to larger acceleration of an ice sheet, thus melting and 

acceleration is closely related (Zwally et al. 2002). And as stated by Winebrenner et al. (2003), it is 

crucial to gain knowledge about the spatial distribution of wet and frozen beds, to increase the 

understanding of ice-sheet flow. According to Rignot et al. (2011) the increased runoff is believed to 

continue in a warming climate and to show large inter-annual variations. The surface mass balance of 

Greenland have decreased with 12.9 ± 1 Gt/year since 1992 which can be explained by the steady 

increase in surface runoff while precipitation has not changed remarkably.  

Andrews et al. (2014) does also discuss runoff and how moulins transports meltwater from the 

surface to the base of the ice in the ablation zone, where the variations in amount of meltwater regulates 

the ice motion. The connection between surface melting and ice velocity is believed to reflect the 

arrangement and the evolution of the subglacial hydraulic system. The meltwater from the surface in the 

ablation zone flows along the surface of a glacier and gathers in surface lakes or runs down into moulins, 

the pathways for the meltwater to the base of an ice sheet are however not well known. Meltwater 

generally leaves the ice sheet in subglacial streams, instead of from surface flow over the edges of an 

ice sheet, indicating that the flow of meltwater is mainly subglacial (Zwally et al. 2002). When meltwater 

insertion is larger than the hydraulic capacity of the subglacial system, ice acceleration follows. This is 

due to englacial and subglacial water storage leading to reduction of the basal friction. A steady flow of 

surface meltwater to the base through moulins over longer time periods decreases subglacial water 

pressure and the ice velocity, due to development of channelized systems. The propagation of water-

filled crevasses to the bottom of an ice sheet due to the over-burden pressure of water could provide 

several ways for meltwater to reach the bottom across the ablation zone. This flow of meltwater via 

moulins and crevasses through the ablation zone supplies an extensive drainage from the surface to the 

base of a glacier during the melt season (Zwally et al. 2002). 

The extended melting of coastal Greenland have raised discussions about the challenges that comes 

with a warmer climate. The understanding of this area is limited, which complicates predictions of the 

contribution of melting of ice sheets to sea level change, which Intergovernmental Panel on Climate 

Change (IPCC) considers to be a large limitation (Joughin et al. 2008). Radar sounding can be used to 

gain knowledge about the subglacial hydrology because the strength of the return echo is easily affected 

by the presence and distribution of water, but also influenced by ice thickness, porosity, distribution of 

till layers and the roughness of the underlying bed (Rippin et al. 2004). A correlation between strong 

basal reflectivity and high surface velocities has been observed by Jacobel et al. (2010), due to basal 

lubrication being the major controls of ice motions in areas such as ice streams in West Antarctica. Areas 

with high reflectance that correlates with high ice velocities indicates that basal lubrication contributes 

to the ice motion (Jacobel et al. 2010). A relation between thicker ice and enhanced-flow tributaries can 

be expected since thicker ice experiences larger ice deformations. Thicker ice also leads to a lowering 
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of the pressure-melting point at the bed, which makes increased basal melting possible and the basal 

motion may contribute to the flow. Basal motion will also be favored by deformable sediments and 

water that could build up in subglacial valleys (Rippin et al. 2004). Jacobel et al. (2009) states that wet 

beds in general have higher reflectivity whereas frozen conditions generates lower reflectivity. 

The distribution of water beneath an ice sheet is important information for the understanding of ice 

motion. To be able to map the spatial distribution of subglacial water, radar sounding can be used for 

distinguish the different reflectivity received from wet and frozen beds (Winebrenner et al. 2003). By 

analyzing the strength of the basal reflections from radar profiles, it is possible to determine where water 

is present under the ice. One concern however, is that the signal loses strength on its way through the 

ice to the bottom, due to attenuation and scattering within the ice. The amount of englacial attenuation 

varies spatially and it is therefore important to have a value of the attenuation of the radar signal strength 

in the specific area of interest.  

2. Aim 

The basal conditions of parts of the Greenland ice sheet will be investigated and the spatial distribution 

of subglacial water will be mapped in this thesis. The outcome of the mapping will be compared and 

analyzed in relation to the result from hydraulic potential calculations of where water could be under 

the ice sheet. This can hopefully illustrate how water spreads under the ice sheet and how it affects ice 

flow. 

 Ground-penetrating radar will be used for mapping of the basal conditions, unknown values of 

englacial radar attenuation can cause uncertainties in the basal reflectivity obtained and must be 

corrected for. To obtain a suitable value of the englacial attenuation, a mean attenuation value from three 

different methods will be used; a common mid-point (CMP) analysis following Winebrenner et al. 

(2003) where the data used for the CMP analysis was collected during fieldwork on west Greenland, an 

attenuation model based on temperature data following McGregor et al. (2007) and an attenuation 

estimation based on common-offset radar data following Jacobel et al. (2009). 

The mean attenuation value obtained from these three analysis will later be used to extract bottom 

reflectivity from approximately 1500 km radar profiles from a project performed by Lindbäck et al. 

(2014) in 2010-2012 on west Greenland. The radar profiles first needs to be digitized before the 

extraction can be executed. By doing these analysis, the bottom reflectivity along the radar profiles is 

obtained and it is possible to estimate the spatial distribution of water at the bottom of the glacier. Here 

the basal conditions of a part of the Greenland ice sheet is investigated and mapped by using radar data 

and modeled values of englacial attenuation. 
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3. Background 

3.1 Ground Penetrating Radar  
 

Ground penetrating radar have been used since the 1960´s to investigate subsurface properties of ice 

sheets and ice caps (Bingham & Siegert 2007). This method was first established as a tool for mapping 

subglacial interface underneath widespread areas of ice covered terrain, and has since then developed 

into an efficient method for collecting a broad range of essential subglacial and englacial data from ice 

masses.  

The basic principle of radar is an electromagnetic signal sent out from the radar equipment at the 

surface of the glacier, where it travels through the ice, is reflected at the bottom and then travels back to 

the surface where it is registered (Winebrenner et al. (2003). Radio echo sounding equipment includes 

a transmitter which emits electromagnetic waves through antennas, as well as a receiver which records 

the reflections captured by receiver antennas. Reflections origins from subsurface objects that has 

contrasting dielectric properties, where the most reflectors comes from the ice surface, the basal 

interface and englacial layers. Other features can be distinguished as well, such as subglacial lakes, 

subsurface crevasses and thermal boundaries (Bingham & Siegert 2007). The magnitude of the 

reflection from the bottom is determined by the material which is present at the interface. Water has 

strong electrical properties relative to most other geological materials and thereby creates a strong 

reflection. For example, the relative permittivity for water is ~ 80, compared to only ~ 4- 12 for rocks 

and 3.2 for ice (Oswald & Gogineni 2012). 

 

3.2 Reflectivity 
 

Radio waves within ice sheets are as stated by Matsuoka et al. (2010b) mainly controlled by three 

mechanisms. Density contrasts, which affects permittivity is most important in the upper hundreds of 

meters of an ice sheet. Further down, acidity contrasts which affects conductivity are dominant, together 

with anisotropic ice fabric that affects permittivity. The Fresnel reflectivity Rδε, for a permittivity 

contrast δε that is caused by density or ice fabric, is independent of frequency and temperature. But the 

Fresnel reflectivity [Rδ𝜎𝜎]dB for a conductivity contrast, δ𝜎𝜎, is frequency dependent and can be 

described with the following equation: 

[𝑅𝑅𝛿𝛿𝛿𝛿]𝑑𝑑𝑑𝑑 = 10𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝛿𝛿𝛿𝛿

8𝜋𝜋𝜋𝜋𝜋𝜋0𝜋𝜋
�
2

=  20 𝑙𝑙𝑙𝑙𝑙𝑙10 �
4.5 𝑥𝑥 10−3

𝜋𝜋
 ∑ 𝜎𝜎𝑖𝑖0𝛿𝛿𝐶𝐶𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝐸𝐸𝑖𝑖
𝐾𝐾
�1
𝑇𝑇
− 1

𝑇𝑇𝑟𝑟
��2

𝑖𝑖=1 �     (Eq.1)            

     f (MHz) is the radar frequency, acidity and salinity contrasts are δCi (𝜇𝜇mol L-1). Acidity contrasts are 

expressed in reflectivity most strongly at low frequencies due to the inverse frequency dependence. 
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Where the depth is larger than several hundred meters, both acidity and ice fabric generates contrasts, 

which causes reflections. This is not the case for density contrasts (Matsuoka et al. 2010b). 

The frequency when the relative importance of permittivity due to fabric and conductivity due to 

acidity changes, varies because of different ice properties. Warmer ice, or ice with more acidity 

experiences higher frequencies when these changes occur. The opposite occurs when ice fabric are more 

developed. The Fresnel reflectivities Rδ𝜎𝜎 and Rδε are estimations of smooth and even interfaces, when 

these conditions are not met, the radar-measured reflectivity is proportional to the Fresnel reflectivity, 

but only smaller (Matsuoka et al. 2010b).  

The intensity of the basal echo is dependent on dielectric properties of the reflected interface and 

irregularity of the bed interface, as well as of the transmitted power of the radar system used, power 

losses due to scattering, absorption, geometrical spreading and attenuation within the ice. Thus, it is 

important to take these aspects into account when calculating the basal reflectivity (MacGregor et al. 

2007).  

 

3.3 Attenuation  
 

Poor knowledge of the englacial radar attenuation in an area of interest and its spatial distribution leads 

to uncertainties when estimating basal reflectivity. Radar reflectivity is a useful tool for distinguishing 

wet and frozen conditions at the bed of an ice sheet (Macgregor et al. 2007). 

When analyzing the intensity of the basal echo, two main path effects needs to be taken into account, 

birefringence due to anisotropic alignments of ice crystals and the dielectric attenuation. Obtaining a 

value for attenuation is crucial for further investigations of bed conditions (Matsuoka et al. 2010a). 

Knowledge of the attenuation of an area of interest can not only be used for determination of basal 

condition, but anomalous attenuation within the ice can also give information of macroscopic thermal 

and chemical structures of the ice, which in turn strongly influence the ice rheology (Matsuoka et al. 

2010b).   

The spatial variations of depth-averaged returned power have been used as a proxy of englacial loses. 

Estimation of attenuation averaged over ice thickness using the path length dependence of the returned 

power of the bed have been done by Winebrenner et al. (2003) using CMP and by Jacobel et al. (2009) 

using common-offset radar. Depth-averaged attenuation is obtained by integration of local attenuation 

rate from the surface of an ice sheet to the bed (Matsuoka et al. 2010a). The spatial uniformity of the 

attenuation is not completely investigated yet, and since the attenuation is a consequence of 

contributions from pure ice, acidity and sea salt with different temperature dependencies, it can vary 

(Matsuoka et al. 2010b). Radar attenuation is proportional to ice conductivity which in turn is dependent 

of ice chemistry and ice temperature, and increases with firn density. The density dependence is, 
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however, not fully understood. The englacial attenuation and its spatial variation is more established, 

but uncertainties still remains (Macgregor et al. 2007). 

At Siple Dome and Vostok, Antarctica, models have shown that the contribution from soluble ions 

on attenuation accounts for approximately one-fourth of the averaged attenuation. The molar 

conductivity for acidity is more than seven times larger than that for salinity, their activation energy is 

however the same. This means that when acidity and salinity are alike, acidity contributes to the 

attenuation approximately seven times more than the salinity, at any temperature. The salinity decline 

substantially further away from the coast, leading to less salinity contribution to the attenuation more 

inland of ice sheets such as Antarctica and Greenland (Matsuoka et al. 2010a). 

The temperature dependence of the attenuation rate dominates the depth profile, and the temperature 

experiences rapid fluctuations close to the bed. The downward vertical advection of cold ice is better 

insulated by thick ice, leading to the bed beneath a thick ice sheet being more likely to being thawed 

and having larger reflectivity compared to a bed beneath a thinner ice sheet (Matsuoka et al. 2010a). 

 

3.4 Hydraulic potential 
 

Subglacial hydrology and the subglacial drainage system of a glacier are important due to their influence 

of the ice dynamics. It is however not fully understood and several aspects of it remains unclear, such 

as the distribution of subglacial water and the arrangement of the drainage system (Livingstone et al. 

2013). The concept of hydraulic potential is important for improving the understanding of water flow in 

glaciers, since water flow follows gradients in hydraulic potential (Benn & Evans 2010). Simple routing 

techniques based on the result from hydraulic potential calculations makes it possible to estimate flow 

paths of the meltwater and subglacial lakes (Livingstone et al. 2013).   

The subglacial drainage that can take place at the interface between ice, or through the underlying 

sediments is described by Bennet and Glasser (2009), and subglacial topography and different gradients 

in water pressure within the subglacial system affects the path of the water flow. The pattern of 

subglacial drainage is in general heavily controlled by the ice thickness due to basal water supporting a 

major fraction of the ice overburden. Englacial conduits and tunnels will be aligned perpendicular to 

surfaces of equipotential pressure when a glacier is resting on an impermeable bed with no sediment 

and insignificant ground water recharge. The geometry of these surfaces are controlled by the variation 

in ice thickness, surface slopes and by the slope of the underlying topography (Bennet & Glasser 2009). 

When assuming that the drainage system is as simple as a hydraulically connected water sheet, where 

the overburden pressure is equal to the water pressure, hydraulic potential calculations can in a 

simplified way be used for finding the general flow direction of subglacial water (Bennett & Glasser, 

2009). Hydraulic potential is therefore useful for an improved analysis of the routing of subglacial water 

and a description of the calculations used for this analysis can be found in section 4.4.  
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3.5 The investigated area 
 

The area which has been investigated during this thesis is located in west Greenland, near the town of 

Kangerlussuaq, approximately 90 km inland at an elevation of 600 meters a.s.l, and close to the 21- year 

mean mass balance equilibrium line altitude at 1600 meters a.s.l (Lindbäck et al. 2014). The investigated 

area, hereby referred to as the Reflectivity area, consists of the Isunnguata Sermia, Russell, Leverett, 

Ørkendalen, and Isorlersuup glaciers as well as their catchment areas. This area is one of the most 

studied regions of the ice sheet, where studies of mass balance, dynamics as well as of supraglacial lakes 

has been taking place over the years (Van de Waal et al. 2008; Van de Waal et al 2012).  

Figure 1 shows the investigated area where the data used for this thesis have been collected, where 

every red line represents a radar profile that later was digitized and used for the reflectivity analysis.  

Lindbäck et al. (2014) describes the subglacial topography to be smoother further away from the 

margins, but with highly variable subglacial trough systems near the front, which is similar to the 

landscape in the proglacial area. The surface of the ice sheet is smooth in this area and does only reflect 

the bed topography in a subtle way, leading to a highly varying ice thickness. 

  Figure 1. The investigated area is shown with red lines. The CMP are is marked with a red star, and the 
location of the drill hole where the temperature data was obtained is marked with a blue star.   
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4. Methodology 

The radar signal attenuation in the investigated area was determined by using three different methods, 

the mean value from these methods was later used for the analysis of the spatial reflectivity. Field work 

was performed on west Greenland, where data for the CMP analysis was collected with ground 

penetrating radar equipment and then processed in Matlab by following Winebrenner et al. (2003). The 

attenuation was also determined by using Matlab when modelling the attenuation from temperature data 

by following McGregor et al. (2007), as well as when determining attenuation based on common-offset 

radar data by following Jacobel et al. (2009). The attenuation value from these method was extracted 

from the common-offset radar data from the Reflectivity area (Figure 1) and the reflectivity could then 

be determined and analyzed.  

The calculations of hydraulic potential was performed in ArcMap. The result from the calculations 

was used for creating two different maps used for the comparison of presence of water beneath the ice 

sheet, one map showing reflectivity and subglacial features of the area, and one map showing reflectivity 

and surface features of the area.  

 

4.1 Field work 
 

The area chosen for collecting CMP data is situated on west Greenland, approximately 500 meters from 

the front of the Russell glacier, and roughly 50 km southwest of the Reflectivity area (Figure 1), and 

hereby referred to as the CMP area. The CMP area is a section with flat subglacial bottom and easy 

accessible surface. The thickness of the ice was roughly 90 meters and the surface had a very thin top 

layer of sediment. 

A common midpoint gather was performed with low-frequency ground-penetrating radar equipment 

by changing distance between the transmitter and receiver, having a common midpoint between the two. 

The varying echo intensity with varying path length at different offsets is achieved by letting the signal 

to go through the ice at the same place but changing the trajectory at the different antenna offsets. By 

comparing the change in attenuation with the change in distance traveled, attenuation rate can be 

calculated (Winebrenner et al. 2003). The radar parameters for the system used for collecting the data 

was the same as used by Lindbäck et al. (2014) and is described in section 4.3. The transmitter and 

receiver was placed in front of each other with a maximum distance of 180 meters. The distance between 

the separated transmitter and receiver was reduced with 10 meters for every recording. This was done 

until the smallest distance of 5 meter between the transmitter and the receiver was reached. The 

geometry is shown in Figure 2, where H is ice thickness, R is range to bed and the propagation path 

makes an angle θ to the vertical.  
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4.2 Attenuation estimations 

4.2.1 CMP processing 
 

The processing of the data used for the CMP analysis was performed as described by Winebrenner et 

al. (2003). The data collected for the CMP analysis required processing before further use. Pre-trigger 

data needs to be removed, converted to voltage, bandpass filtered at frequencies of 1 MHz and 10 MHz 

and then extracted. The CMP method can in a very simple form be derived from a conventional radar 

equation for ice-sheet sounding according to Winebrenner et al. (2003): 

𝐼𝐼(𝜃𝜃) =  𝐺𝐺(𝜃𝜃)𝑃𝑃𝑡𝑡
4𝜋𝜋

1
(2𝑅𝑅)2 ℛ(𝜃𝜃)exp (−2𝜅𝜅𝐻𝐻𝑅𝑅)    (Eq.2) 

I(θ) is the received echo intensity for the source/receiver separation corresponding to specular angle 

θ and range to the bed R. Pt corresponds to the power input to the source antenna, G(θ) is the effective 

directional antenna gain in the ice. ℛ (θ) is power reflectivity of the bed and κH is the depth average of 

the power attenuation per unit length in the ice.  

The small effects of focusing in firn is, as done by Winebrenner et al. (2003) neglected, and the 

assumptions is made that the power supplied to the transmitter as well as that the receiver response to 

voltage across its terminals are identical for every separation. The refraction is ignored in the analysis, 

therefore the same depth-average attenuation coefficient for each separation of the transmitter and 

receiver is assumed. The depth average attenuation coefficient is a part of Eq.2 since the increment of 

power loss at each depth is multiplicative.  

The next following calculations are made as described by Winebrenner et al. (2003). In a specific 

depth range, ice thickness is calculated: 

        𝜅𝜅𝐻𝐻 =  1
𝐻𝐻 ∫ 𝜅𝜅(𝒵𝒵)𝑑𝑑𝒵𝒵𝐻𝐻

0        (Eq.3) 

Figure 2. CMP geometry/angle of incident where R is recorded. (Modified from Winebrenner et al. 2003, 
Figure 3) 
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ΚH is the depth average of power attenuation per unit length in the ice, κ(𝒵𝒵) over the depth range 0-

H. The power attenuation coefficient is in theory a natural quantity, but less intuitive than the more 

common measure of absorption in units of dB km-1, Na, or the length of absorption La in units of meters. 

The depth-average versions of these quantities are related to κH in units of m-1 according to: 

𝑁𝑁𝑎𝑎 = 1000(10𝑙𝑙𝑙𝑙𝑙𝑙10𝑒𝑒)𝜅𝜅𝐻𝐻 ≈ 4343𝜅𝜅𝐻𝐻 (𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘−1)    (Eq.4a) 

𝐿𝐿𝑎𝑎 =  1
𝜅𝜅𝐻𝐻

 (𝑘𝑘)        (Eq.4b) 

Measure of absorption in dB km-1, Na, length of absorption in meters, La. The vertical depth of the 

bed return is calculated, as well as the angle of incident for the different offsets. When attenuation is 

interpreted concerning effective conductivity, a depth-average version of the effective conductivity can 

be defined by the analogous relationship between attenuation coefficient κ(𝒵𝒵) at depth 𝒵𝒵 and the 

effective conductivity at that depth.  

𝜎𝜎(𝛺𝛺−1𝑘𝑘−1) =  𝜅𝜅𝐻𝐻√𝜖𝜖𝑟𝑟/𝑍𝑍0      (Eq.5) 

𝜎𝜎 is the effective conductivity, ϵr is the real part of the relative permittivity of the ice, Z0 is the 

impedance of free space. The modelled normalized intensity is calculated: 
𝐼𝐼(𝜃𝜃) 
𝐼𝐼(𝜃𝜃1) =  𝐺𝐺(𝜃𝜃) 𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃)

𝐺𝐺(𝜃𝜃1) 𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃1)
ℛ(𝜃𝜃)
ℛ(𝜃𝜃1)  · 𝑒𝑒𝑒𝑒𝑒𝑒 �−2𝜅𝜅𝐻𝐻𝐻𝐻 �

1
𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃) −

1
𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃1)

��  (Eq.6) 

The reflectivity ratio and angular dependence of normalized gain is modeled. The intensity 

normalization is to the intensity received at the smallest offset (10 m). The assumption is made that the 

ice thickness, H, is known as well as the cosines of θ and θ1, where I is the received echo intensity from 

the radar data, G is antenna gain and ℛ is power reflectivity of the bed (Winebrenner et al. 2003).  

As Stark (2008) describes it, the Fresnel’s equation is needed for further calculations. Fresnel’s 

equation for reflectance of p-polarized light is used for calculating the Fresnel power reflectivity at 

different angles, RP. The Fresnel equation describes light moving from one medium to another, with the 

first medium having a refractive index n1, and the second medium having a refraction index n2. Where 

θi is the angle of incident rays to the normal of the interface, θr is the angle that reflected rays makes to 

the normal of the interface and θt is the angle that the refracted rays makes to the normal of the interface. 

It also describes what fraction of the incoming light that is reflected and what fraction is refracted, 

together with the phase shift of the reflected light: 

𝑅𝑅𝑃𝑃 =  �𝑛𝑛1 cos 𝜃𝜃𝑡𝑡− 𝑛𝑛2 cos𝜃𝜃𝑖𝑖
𝑛𝑛1 cos𝜃𝜃𝑡𝑡+ 𝑛𝑛2 cos𝜃𝜃𝑖𝑖 

�
2

=  �
𝑛𝑛1�1− �𝑛𝑛1𝑛𝑛2

 sin𝜃𝜃𝑖𝑖�
2

𝑛𝑛1�1− �𝑛𝑛1𝑛𝑛2
 sin𝜃𝜃𝑖𝑖�

2
− 𝑛𝑛2 cos𝜃𝜃𝑖𝑖
+ 𝑛𝑛2 cos𝜃𝜃𝑖𝑖

�

2

 (Eq.7) 
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The law of reflection describes the relation between these angles as described in Eq.8 and in Figure 3:  

𝜃𝜃𝑟𝑟 =  𝜃𝜃𝑖𝑖                  (Eq.8) 

 

This together with trigonometry is used for calculating the reflectivity at different angles for 

transverse-magnetic (TM) polarized waves. The equations expects a flat media between the interface, 

homogeneous media, a plane wave incident light and the effects of edges are disregarded (Stark, 2008). 

 In contrast to Winebrenner et al. (2003), the analysis used in this thesis takes the angle dependent 

gain factor of offset, into account. To compensate for antenna gain, corrections following Arcone (1995) 

is made. Eq.6 can be inversed for the attenuation integral, to relate a dependent variable consisting of 

intensity ratio observations and the other known or modeled ratio to a synthetic independent variable 

obtained from the geometry of the CMP observation pairs. 
𝐼𝐼(𝜃𝜃)
𝐼𝐼(𝜃𝜃1)

𝐺𝐺(𝜃𝜃1)
𝐺𝐺(𝜃𝜃)

𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃1)
𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃)

ℛ(𝜃𝜃1)
ℛ(𝜃𝜃)

= exp(−2𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻)   (Eq.9) 

Where X is:   

𝐻𝐻 =  1
cos (𝜃𝜃)

−  1
cos(𝜃𝜃1)     (Eq.10) 

This can be inverted for κH by the transformation and taking the log of Eq.9 gives a linear 

relationship:   

𝑌𝑌 = 10𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝐼𝐼(𝜃𝜃)
𝐼𝐼(𝜃𝜃1)

𝐺𝐺(𝜃𝜃1)
𝐺𝐺(𝜃𝜃)

𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃1)
𝑐𝑐𝑐𝑐𝑐𝑐2(𝜃𝜃)

ℛ(𝜃𝜃1)
ℛ(𝜃𝜃) � =  �−20𝑙𝑙𝑙𝑙𝑙𝑙10𝑒𝑒�𝜅𝜅𝐻𝐻𝐻𝐻𝐻𝐻    (Eq.11) 

Figure 3. The law of reflection  
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Where (−20𝑙𝑙𝑙𝑙𝑙𝑙10𝑒𝑒)𝜅𝜅𝐻𝐻 is the slope coefficient when a line is fitted to observed (X,Y) pairs, as shown 

in Figure 4, with a good correlation with a r2 value of 0.99. 

        Figure 4. Plot of (X,Y) pairs acquired from the CMP analysis, with a least-square linear fit.   

 

4.2.2 Modeling of attenuation based on temperature data 
 

The temperature data used for this analysis was obtained from Harper (2014, University of Montana, 

unpublished data) and originates from a drill hole approximately 40 km from the front of the glacier, 

with a distance of roughly 10 km from the Reflectivity area, in a westerly direction (Figure 1).  The 

modeling was performed as described by 

MacGregor et al. (2007), to obtain another 

attenuation value to use for the final analysis. 

MacGregor et al. (2007) describes an 

attenuation model that is dependent on 

impurity concentration as well as 

temperature of the ice, where englacial 

attenuation is proportional to electrical 

conductivity. Since temperature increases 

with depth, the attenuation rate follows the 

same pattern. With temperatures higher than 

~ -23°C, the pure ice component of the 

attenuation transcends the H+ and sea-salt 

chloride (ss Cl-) components and starts to dominate the attenuation rate profile. Depth variations in 

impurity concentrations can yet create changes in the total attenuation rate profile, although the depth-

Conductivity of pure ice 9,2 (uS/m) 

Molar conductivity of  
acidity 

3,2 

(uS/m/M) 

Molar conductivity of  
salinity 

0,43 

(uS/m/M) 

Molar conductivity of ammonium 0 (uS/m/M) 

Activation energy for pure ice 0,51 (eV) 

Activation energy for acidity 0,20 (eV) 

Activation energy for salinity 0,19 (eV) 

Activation energy for   
Ammonium 

0 (eV) 

Reference temperature 251 (K) 

Table 1. Parameters for temperature dependent 
attenuation model 
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average attenuation rate profile is not highly formed by rapid changes in the contribution of attenuation 

from impurities, but is mostly influenced by the temperature profile. As the temperature approaches the 

melting point, the pure ice component of conductivity fully controls the total conductivity. Table 1 

shows the parameters for the temperature dependent attenuation model described by MacGregor et al. 

(2007). MacGregor et al. (2007) begins the model description by summing the different contributions 

to the total conductivity, and then the total conductivity is calculated:  

𝜎𝜎 =  𝜎𝜎𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐸𝐸𝑝𝑝𝑝𝑝𝑟𝑟𝑒𝑒
𝑘𝑘

� 1
𝑇𝑇𝑟𝑟
− 1

𝑇𝑇
�� +  𝜇𝜇𝐻𝐻+[𝐻𝐻+] 𝑒𝑒𝑒𝑒𝑒𝑒 �

𝐸𝐸𝐻𝐻+
𝑘𝑘
� 1
𝑇𝑇𝑟𝑟
−  1

𝑇𝑇
�� +

                                              𝜇𝜇𝑐𝑐𝑐𝑐 𝐶𝐶𝐶𝐶−[𝑠𝑠𝑠𝑠𝐶𝐶𝑙𝑙−]𝑒𝑒𝑒𝑒𝑒𝑒 �𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−
𝑘𝑘

� 1
𝑇𝑇𝑟𝑟
−  1

𝑇𝑇
��            (Eq.12) 

𝜎𝜎pure is the pure ice conductivity, 𝜇𝜇H+ is molar conductivity for acidity, μss Cl
- is molar conductivity 

for salinity. Epure, EH
+, EssCl

- are activation energies, k is Boltzmann’s constant, T is temperature in Kelvin 

and Tr = 251 K is a reference temperature, also in Kelvin. The temperature dependence of the 

conductivity is influenced by activation energies, while the molar conductivities influences the impurity 

concentration dependence. 

The attenuation length La is then calculated in neper/m with the following equation: 

𝐿𝐿𝑎𝑎 =  𝜋𝜋0�𝜋𝜋𝑟𝑟
′𝑐𝑐

𝛿𝛿
      (Eq.13) 

Where 𝜀𝜀0 is the permittivity of free space, 𝜀𝜀𝑟𝑟′  is the real part of the relative permittivity of ice and c 

is the speed of light in vacuum. The attenuation length La is inversely proportional to the high-frequency 

conductivity of ice. The real part of the relative permittivity is dependent of ice temperature, impurity 

concentrations and frequency, these dependencies are however not as strong as those for conductivity. 

Higher temperatures and lower frequencies leads to larger impact of [𝐻𝐻+] on 𝜀𝜀𝑟𝑟′  (MacGregor et al. 

2007). 

MacGregor et al. (2007) also found indications of the dielectric properties of acid-doped ice going 

through changes when temperature exceeds approximately -10°C, this is however not always 

experienced. This is according to MacGregor et al. (2007) probably connected to melting-point 

depressions which can be explained by the fact that surface conductance at grain boundaries could 

increase when the thickness of layers in premelting ice increases, as well as by presence of impurities 

in ice that could increase rate of premelting. When layers grows at higher temperatures, HSO4
− at grain 

boundaries dissociates into H+ and SO4
2− and in turn increases[H+]. Comparably, at temperatures above 

-10°C when grain boundary sliding increase, the temperature dependence of the mechanical properties 

of ice changes. 

 The attenuation is then calculated in dB km-1: 

𝑁𝑁𝑎𝑎 =  1000(10𝐶𝐶𝑐𝑐𝑙𝑙10𝑝𝑝)
𝐿𝐿𝑎𝑎

                              (Eq.14) 

Where Na is in dB km-1 and 𝜎𝜎 is in 𝜇𝜇S m-1. The depth average attenuation rate 𝑁𝑁𝑎𝑎∗  is calculated: 
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𝑁𝑁𝑎𝑎∗(𝑧𝑧) =  1
𝑧𝑧

 ∑ 𝑁𝑁𝑎𝑎 �∆𝑧𝑧𝑖𝑖�
𝑚𝑚
𝑖𝑖=1  ∙  ∆𝑧𝑧𝑖𝑖                           (Eq.15) 

The power loss because of attenuation within a depth increment ∆𝑧𝑧𝑖𝑖in an ice column is Na�∆𝑧𝑧𝑖𝑖� ∙ ∆𝑧𝑧𝑖𝑖. 

The depth average attenuation rate to a reflector at a depth z over m discrete depth increment is calculated 

here. The sampling intervals of the measurements of impurity concentration and temperature determines 

the ∆𝑧𝑧𝑖𝑖, and are regarded as constant across ∆𝑧𝑧𝑖𝑖.  

MacGregor et al. (2007) states that radar attenuation is proportional to ice conductivity, which in 

turn is dependent on acid concentration, sea-salt chloride and ice temperature. Depth profiles of ice-core 

chemistry and borehole temperature are used as inputs to the ice-conductivity model which creates an 

attenuation rate profile. MacGregor et al. (2007) ends the description of the model with the conclusion 

that the dominant control on ice sheet attenuation is temperature, leading to areas with generally higher 

temperatures having higher attenuation rates, when assuming that the mean impurity concentrations 

remains the same. The depth-average attenuation rate is an average of the total attenuation rate profile 

between the surface and any depth, and does therefore not respond rapidly to changes in the total 

attenuation rate. The depth-average attenuation rate profile is not greatly affected by quick changes in 

the contribution from impurities, but is mainly influenced by the temperature profile (MacGregor et al. 

2007).  

 

4.2.3 Attenuation based on common-offset radar data 
 

Estimation of the attenuation based on common-offset radar data is the third method used to obtain a 

value of the attenuation. This was done as described by Jacobel et al. (2009), whom used the relationship 

between the intensity of bed echoes from constant-offset radar data and ice thickness for estimations of 

depth-average attenuation rates on a number of locations on Kamb Ice Stream, Antarctica. Here, Jacobel 

et al. (2009) used a very similar method as Winebrenner et al. (2003) when calculating the attenuation 

rate using the relationship mentioned above. This is done by digitize the bottom along a radar profile 

and calculate the ice thickness (h in Eq.16) and plot this against the received energy (Pr) in a lin-log 

diagram making the gradient of the line a value of the attenuation rate against different ice thicknesses, 

or different distances of the pathways through the ice.  

The simplified version of the radar equation is used, where the power received by the radar Pr, is a 

function of the transmitted power, losses because of wave propagation and the reflectivity of the 

interface:   

𝑃𝑃𝑟𝑟 =  𝑃𝑃𝑡𝑡
𝐴𝐴
4𝜋𝜋

1
(2ℎ)2 𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒 �− 2ℎ

𝐿𝐿𝑎𝑎
�      (Eq.16) 

Pt is the transmitted power, A is antenna gain function, h is one-way path length, R is the reflectivity 

of the target interface and La is the mean attenuation length. 
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At near-normal incidence, when the spacing of the transmitter and receiver antenna is much smaller 

than the ice thickness, h is the ice thickness regarding bed echoes. Pr is facing both inverse-square losses 

from geometric spreading of the radar energy � 1
(2ℎ)2 � as well as exponential losses because of 

attenuation �𝑒𝑒𝑒𝑒𝑒𝑒 �− 2ℎ
𝐿𝐿𝑎𝑎
��. 

When Eq. (16) has log10 taken from both sides of the equation, the general unit for attenuation rate, 

dB km-1, is easily related to La in m: 

𝑁𝑁𝑎𝑎 =  103(10𝑙𝑙𝑙𝑙𝑙𝑙10𝑒𝑒)𝐿𝐿𝑎𝑎     (Eq.17) 

The amplitudes is normalized depending on variations in direct-wave amplitudes, and geometrically 

corrected (Jacobel et al. 2009).  
 

4.3 Reflectivity derived from common-offset radar data 
 

The data used for the reflectivity analysis was collected during the  

spring seasons of 2010 and 2011 by Lindbäck et al. (2014), with a 

ground-based radar system with the parameters shown in Table 2.                                                                                                                               

The radar system used for the collection of the data consisted of 

resistively loaded half-wavelength dipole antennas of 2,5 MHz center 

frequency. An impulse transmitter with an average output power of 35 

watt and a pulse repetition frequency of 1 kHz was used. The 16 bits 

receiver was capable of collecting ~ 1000 traces per second, the direct 

wave between transmitter and receiver triggered the trace acquisition.  

The radar system was dragged at the speed of 5-20 km h-1 behind 

snowmobiles, along tracks separated by 2 km when gathering the data.  

A mean trace spacing of 15 meters was obtain by stacking 3000 traces, 

and the traces was positioned by using a dual-frequency GPS receiver installed on the radar receiver 

sled, 90 meters from the common midpoint along the traveled path.. To remove unwanted frequencies 

in the data, a butterworth bandpass filter with cut-off frequencies of 0.75 MHz and 7 MHz was applied. 

To correct for antenna separation, normal move-out correction was performed on the data (Lindbäck et 

al. 2014).  

This data was then manually digitized and compiled and an example of radar data that will be 

digitized is shown in Figure 5, where the surface, internal layers and the bed are visible. Each radar 

profile (red lines in Figure 1) was manually digitize and compiled for the final reflectivity analysis. This 

was done using a Matlab script that calculated the ice thickness from the picked travel times of the bed 

return where a constant wave speed was used. The bed returns was then digitized with a cross-correlation 

Frequency 
(MHz) 

 4.5 

Peak power 
(W) 

  35 

Bandwidth 
(MHz) 

   7 

Pulse 
repetition 
frequency 

(Hz) 

1000 

Sampling 
frequency 

(Hz) 

1000 

Range 
resolution 

(m) 

18.8 

 

Table 2. Radar parameters 
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picker. Digitization of each profile was done manually, by marking the bed reflections visible in the 

image produced by the script. Segments that could not be distinguished due to uncertainties of the origin 

of reflections was left undigitized to prevent error in the final reflectivity analysis. These uncertain 

segments was likely caused by moulins in the ice, disturbance from internal layers and parts where the 

radar equipment encountered problem such as loss of connection between transmitter and receiver.  

Figure 5. Radar profile before digitization.  

 

4.3.1 Calculation of reflectivity 
 

The reflectivity from the bed is derived from the measured bed returned power (Pr in equation 16). This 

can be described in decibel as by Langley et al. (2011): 

[𝑃𝑃𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑  =  [𝑆𝑆]𝑑𝑑𝑑𝑑 +  [𝐺𝐺𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑 +  [𝑅𝑅𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑 − 2〈𝑁𝑁〉𝐻𝐻                     (Eq.18) 

[Rbed] is the bed reflectivity, the term [S]dB comprises characteristic of the radar system used, [Gbed]dB 

is the geometric factor that is proportional to the ice thickness H and 〈𝑁𝑁〉is the depth-average one-way 

attenuation rate. The returned power [Pbed]dB is calculated in a window that bounds the picked bed 

reflection by using half the sum of squared amplitudes divided by the number of samples in that 

particular window. Due to potential variations of instrumental factors, the returned power is normalized 

by the amplitude of the direct wave which can vary with up to 5dB. The [Gbed]dB is extracted as the 

square of the ice thickness to obtain a corrected returned power, as in the following equation: 

 [𝑃𝑃𝑏𝑏𝑝𝑝𝑑𝑑𝑐𝑐 ]𝑑𝑑𝑑𝑑 =  [𝑃𝑃𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑 − 𝑑𝑑[𝑆𝑆]𝑑𝑑𝑑𝑑 +  [𝐺𝐺𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑 ~ [𝑅𝑅𝑏𝑏𝑝𝑝𝑑𝑑]𝑑𝑑𝑑𝑑 − 2〈𝑁𝑁〉𝐻𝐻              (Eq.19) 

To obtain bed reflectivity from the corrected returned power, extraction of the attenuation is needed. 

The depth-average attenuation rate can be approximated from the data directly. The ice thickness 

dependence of [𝑃𝑃𝑏𝑏𝑝𝑝𝑑𝑑𝑐𝑐 ]𝑑𝑑𝑑𝑑 is linearly estimated and the ice-thickness gradient is derived from the corrected 
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returned power 〈𝑑𝑑[𝑃𝑃𝑏𝑏𝑝𝑝𝑑𝑑𝑐𝑐 ]𝑑𝑑𝑑𝑑/𝑑𝑑𝐻𝐻〉. This gradient is used as a proxy of the regional-mean attenuation rate 

(Langley et al. 2011). 

 

4.4 Hydraulic potential calculations 
 

The hydraulic potential surface is calculated based on the bed and surface topography. Livingstone et 

al. (2013) describes meltwater flow and storage under an ice mass that is mainly controlled by gradients 

in the hydraulic potential, which is a function of elevation potential and water pressure: 

𝛷𝛷 =  𝜌𝜌𝑤𝑤𝑙𝑙ℎ +  𝑃𝑃𝑤𝑤      (Eq.20) 

ρw is density of water (kg/m3), g is standard gravity constant (m/s2), h is the bed elevation (m asl) and 

Pw is water pressure (Pa). The subglacial water pressure can be described with the following equation:  

𝑃𝑃𝑤𝑤  =  𝜌𝜌𝑖𝑖𝑙𝑙𝐻𝐻 − 𝑁𝑁      (Eq.21) 

where ρi is density of ice and H is ice thickness. The subglacial water pressure is a function of the 

ice overburden pressure and effective pressure, N. These pressures can due to temporally and spatially 

varying drainage-pathways capacities as well as due to drainage systems of lakes, vary in a complicated 

manner. When as Livingstone et al. (2013), having the intention to make an estimation on a large scale, 

the assumption can be made that N = 0 and Eq. 20 can be rewritten as: 

𝛷𝛷 =  𝜌𝜌𝑤𝑤𝑙𝑙ℎ +  𝜌𝜌𝑖𝑖𝑙𝑙𝐻𝐻     (Eq.22) 

According to Tedstone, et al. (2014), the hydraulic potential over an area can be calculated using the 

equations described above. A digital elevation model (DEM) of the ice surface and bed topography was 

here used to calculate the hydraulic potential in the investigated area on the ice sheet. When doing so, a 

hydraulic potential surface can be created in ArcMap. This surface is used for the routing of water, when 

estimations of the large-scale structure of the subglacial drainage system in the investigated area are 

made. The steepest slope direction will coincide perpendicular to iso-contours of the potential surface 

and this can indicate the flow direction of the subglacial water. Areas where water flow can stop due to 

sinks and low points can cause issues. This is solved by removing the small areas where the water stops 

flowing, by filling them.  

Accumulated flow on the surface is calculated as well, where areas with a high flow accumulation 

shows concentrated subglacial meltwater flow and are hence possible locations for channels. Next, 

minima on the hydraulic potential surface is established, and areas where most water could accumulate 

at the surface was determined. This could indicate where well developed subglacial drainage system can 

be found, systems that at the front of the ice sheet would feed the streams that later exit at the front of 

the glacier. 
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5. Results 

Figure 6 shows the CMP analysis where the letter 

A denotes ground roll, B is direct wave and C is 

bottom reflection. D is presumably a multiple of 

bottom reflection. The ground roll is the main 

type of surface wave, which travels along the 

surface of the earth and includes a sequence of 

longitudinal and transverse motion with a definite 

phase relation to each other. With depth, the 

amplitude of this wave motion reduces 

exponentially, as stated by Telford et al. (1990).  

The results from the different attenuation 

analysis are shown in Table 3, where the values 

from the CMP analysis and the temperature 

dependent model correlates well. The attenuation 

estimation based on common-offset radar data 

shows a somewhat lower value compared to the 

attenuation values from the other two methods. 

Figure 7 shows relative reflectivity and 

subglacial hydrological features derived from 

hydraulic potential calculations, whereas Figure 8 

shows relative reflectivity and surface 

hydrological features. Both figures are derived from mapping of 

satellite images (Fitzpatrick et al. 2014). 

 From Figure 7 and Figure 8 it is visible that lower 

relative reflectivity can be found further up on the ice sheet, 

in an eastbound direction closer to supraglacial lakes and their 

drainage area. Areas with higher relative reflectivity are 

located closer to the front of the glacier, in the western part of 

the investigated area. A larger amount of supraglacial lakes 

can be found in the eastern parts of the ice sheet, not fully  

visible in Figure 7 and Figure 8.  

 

 

 

CMP analysis 
 

- 22.71 dB km-1 

Temperature model 
 

- 27.68 dB km-1 

Common-offset 
radar data 
 

- 16.06 dB km-1 

Mean attenuation 
 

- 22.15 dB km-1 

 Figure 6. CMP analysis 

 

 

Table 3. Results from attenuation analysis 

 
CMP analysis 
 

- 22.71 dB km-1 

Temperature model 
 

- 27.68 dB km-1 

Common-offset 
radar data 
 

- 16.06 dB km-1 

Mean attenuation 
 

- 22.15 dB km-1 
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In Figure 7 more basal sinks appears to be present in areas with higher relative reflectivity. The 

calculated subglacial sinks and flow direction correlates fairly well. The calculated flow of subglacial 

water is evenly distributed over the area. The distribution of subglacial sinks appears in cluster, some 

areas more dense than others.  

Figure 7. Reflectivity and subglacial features from hydraulic potential calculations. Sinks are marked in red, 
and the calculated flow direction of subglacial water is marked with blue lines. 
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In Figure 8 more sinks and moulins appear closer to the front of the glacier in an area with higher 

relative reflectivity, compared to further up on the ice sheet in an eastern direction. In areas where sinks 

exits, they are evenly distributed. There are more supraglacial streams located far up on the ice sheet 

towards the east, and less and less closer to the front in a westerly direction.  

  

Figure 8. Reflectivity and surface features from hydraulic potential calculations. Sink locations are marked as 
larger red circles with an internal dot, and the surface streams are shown with blue lines. 
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6. Discussion 

The very thin top layer of sediments (0,5-1 cm) on the surface of the ice where the CMP data were 

collected is not very likely to interfere with the response of the radar. The thin sediment layer was rather 

close to the radar equipment, not particularly interfering with the echo from the radar, and its presence 

is therefore negligible. The CMP area is situated close to the margin of the ice sheet, which experiences 

more movement and more melting than the Reflectivity area that is located approximately 50 km from 

the CMP area, which could cause some issues. The ice closer to the front, at the CMP area, does not 

have the same ice temperature as the Reflectivity area, and since ice temperature is the main factor that 

influence the attenuation, this can lead to uncertainties concerning the attenuation value. The attenuation 

value from the CMP analysis is however comparable with the attenuation values from the other two 

methods. The CMP estimated attenuation value have a closer correlation with the temperature modeled 

attenuation value, than with the common-offset radar data attenuation value. All three values, are 

however reasonable. The attenuation values from the different methods correlates well, the values from 

the CMP analysis (22.71 dB km-1) and the temperature dependent attenuation model (27.68 dB km-1) 

does, however, show more similarity than the attenuation value derived from common-offset radar data 

(16.06 dB km-1). This could be due to the CMP analysis and the temperature model being specific for 

the investigated area, whereas the attenuation value from the common-offset radar data is integrated 

over a larger area. The different radar systems used when collecting data from the Reflectivity area on 

the ice sheet could also lead to some errors, as well as the different time period when collecting the data 

between 2010-2011.  

The three englacial attenuation values obtained from the different methods, and mean value of 22.15 

dB km-1 used here, are reasonable values when compared with attenuation values in the literature, see 

tables in Jacobel et al. (2009) and Winebrenner et al. (2003) who both estimated the attenuation on 

different parts of Antarctica. There are however important differences between Antarctica and 

Greenland, such as major temperature differences. Temperature, ice chemistry and impurities are the 

main factors controlling attenuation, where temperature is the most important factor. And since 

Greenland has higher mean temperature compared to Antarctica, where ice chemistry plays a bigger 

role affecting the attenuation, it is therefore hard to make a direct comparison between the two ice sheets. 

This means that the different attenuation rates could probably not be fully comparable between 

Greenland and Antarctica, it is however useful to have values from different areas for comparison with 

previously made estimations of englacial attenuation in ice sheets.  

When the reflectivity analysis was done, lower reflectivity was found further up on the ice sheet in 

an eastward direction, which indicates dryer basal condition. This does not necessary mean that it is 

frozen, it is still uncertain, but it could be an area where the water have fewer paths to reach the bottom 

of the ice sheet, being more an indication of dryness than of temperature. Fewer moulins are observed 
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delivering water to the base in this area, which could indicate dryer condition of the base. At the surface 

higher up on the ice sheet towards the east, less water is available because of less surface melt. The 

subglacial water that might occur in this area could be present due to melting of the ice by geothermal 

heat. The relative reflectivity value appears to decrease closer to the front again in a small section of the 

upper west part of the investigated area, this is probably due to the radar equipment not working properly 

in this particular area.  

The drainage system of lakes, such as moulins and crevasses are quite likely to direct meltwater from 

the surface down within the glacier, leading to a larger accumulation of water beneath it, making it 

plausible to have higher relative reflectivity close to these particular areas. Since subglacial drainage 

systems are not fully understood, there is no guarantee for the presence of basal water, but the presence 

of moulins does in this case correlate with higher modeled reflectivity. Figure 7 that shows reflectivity 

and subglacial features displays a correlation with higher relative reflectivity, which indicates wet basal 

condition, with subglacial sinks where subglacial water can accumulate. Higher relative reflectivity 

could also be an indication of the presence of subglacial lakes, there are however not as many subglacial 

lakes detected beneath the Greenland ice sheet as in Antarctica (Livingstone et al. 2013). Jacobel et al. 

(2010) have observed that areas with high velocity corresponds to areas with high basal reflectivity, 

whereas areas with lower velocity shows a larger variety of reflectivity values. The bedrock topography 

could also can have an impact on ice velocity. And as stated by Jacobel et al. (2010), the basal condition 

of a glacier can play an important role in the dynamics of the ice sheet. 

The hydraulic potential calculations and the modeled basal reflectivity does correlates fairly well, 

although it is difficult to fully match the hydraulic potential with the modeled basal reflectivity. There 

are weaknesses with hydraulic potential calculations, such as sediments at the bottom that can change 

the direction of the subglacial water which needs free space to be able to move independently. Here does 

the surface of the ice sheet follow the bottom topography, the streams and the surface correlates 

moderately well with the basal water flow. Differences can also occur due to the ice thickness which 

forces the subglacial water to take different routes. The assumptions made when calculating hydraulic 

potential is perhaps not too accurate when compared to real glacier dynamics.   
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7. Conclusions  

Correct estimations of dielectric attenuation is important, but hard to achieve. This can cause 

complications when modeling ice sheets and their response to climate change. Many factors are to be 

taken in to consideration, and many models are lacking precision in doing so. It is however possible to 

obtain relative reflectivity for an area, which can be used for predictions of basal condition and can be 

used for further future modeling.  

The attenuation values obtain from the CMP processing, temperature modeling and the attenuation 

value derived from common-offset radar data gives reasonable values that can be used for further 

modeling of ice dynamics. The general higher ice temperatures of Greenland, compared to Antarctica, 

makes it difficult to compare exact values of englacial attenuation between the two ice sheets, since 

attenuation is mainly temperature dependent. In this thesis, lower basal reflectivity was acquired further 

up on the ice sheet, in an eastern direction in an area where several supraglacial lakes were found, 

compared to the higher reflectivity closer to the front of the glacier. This indicates wetter basal condition 

closer to the front of the glacier, where more water has found its way down to the base of the ice sheet. 

In a warmer future climate, higher melting rates at the surface may create moulins and supraglacial 

lakes higher up on the glacier which can deliver more water to the base of the glacier, thus movement 

of the ice sheet at the front could propagate upward and inward on the glacier and could lead to 

acceleration of the ice sheet. More work and higher accuracy of models are needed to obtain a truly 

satisfying result and increase precision for further predictions of the impact on glaciers of climate 

change. Many assumptions and simplifications are made in the different methods used here, and they 

might not always assume the same conditions which is also factors that needs to be taken into account. 

The outcome could however be used in several different areas for future modeling, where glacier 

response is an input. Limited knowledge in the area of ice dynamics is always a factor that needs to be 

taken into consideration. 

And finally, the hydraulic potential calculations of subglacial and supraglacial water flow does 

correlate fairly well with each other, and is a simple tool for estimations of water flow.   
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