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Abstract
This thesis tests and applies a new, physically based snow distribution and melt 

model at spatial scales of tens of metres and temporal scales of days across sub-arctic 

landscapes, in order to assess the significance of snow variability in sub-arctic 

human ecodynamics at resolutions relevant to human activities. A wider goal is to 

contribute to planning in the face of future climate change. Model tests are 

undertaken based on original field data collected in Sweden and Norway, and 

secondary data from Idaho, France and Greenland. Model applications focus on the 

‘completed experiment’ of the medieval Norse in Greenland, a comparatively 

isolated population that relied on a combination of pastoralism and hunting for 

survival. A combination of local calibration based on contemporary meteorological 

data, customised climate reconstructions based on GCM data, new archaeological 

survey and new DEM are used in order to apply the model. This thesis shows, for the 

first time, the likely range of snow depth and duration experienced across the 

medieval Norse Greenland landscape as a result of climate and vegetation change. 

Results show that increases in snow cover could have been significant drivers of 

transformative change in Norse Greenland, and are therefore likely to be key in 

understanding the potential impact of future climate changes on similar sub-arctic 

and relatively marginal communities. Selected model analyses simulate the total 

spring (April-June) snow cover at the homefields to range from 32% cover lasting 6 

days in the most favourable climate to 100% cover lasting 45 days in the most 

unfavourable climate at key elite inner fjord farms. At the more isolated outer fjord 

farms, total spring snow cover ranges from 33% cover lasting 10 days in the most 

favourable climate to 100% cover lasting 60 days in the most unfavourable climate. 

Increased climate variance and recovery times, as experienced by the Norse, are 

potential early warning signals of threshold-crossing change. Model results show that 

these signals could have been masked for the Norse decision making elite because 

they were located in the most favourable and least snow covered locations. Masking 

could have been further increased through the intensified seal hunting implemented 

by the Norse as an adaption strategy, and these actions could have developed into a 
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rigidity trap. When the conjunctures of the 15th century developed in terms of 

increased sea ice, snow cover, storminess, culture contact, changing trade and sea 

level rise, it was too late to develop different responses. Whilst current populations 

have improved technology and knowledge relative to the Norse Greenlanders, there 

is a risk that adaptations will lack long-term utility, spatially restricted indications of 

change may be ignored, and rigidity traps develop. This thesis provides an additional 

tool for understanding a key element of both the past and possible futures of sub-

arctic human ecodynamics.
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SECTION 1: INTRODUCTION

Chapter 1

Aims, Rationale and Approach

1.

1.1. Overall aim

The overall aim of the thesis is to model snow and assess its significance in sub-

arctic human ecodynamics during periods of climate change. Focus is at the critical 

scale of human settlement and modelling is, therefore, undertaken at a 25m spatial 

resolution and monthly temporal output resolution. This allows new analyses of 

potential vulnerabilities and resilience in the face of climate change.

1.2. Rationale

Snow is important because of the key role it plays in the sub-arctic. The annual 

accumulation and ablation of snow across high altitude and high latitude landscapes 

is key to understanding a diverse range of processes from geomorphology to the 

management of livestock. The timing of the first snow cover in early winter, 

subsequent spatial distribution of snow across the landscape, and the timing, spatial 

variation and volume of the spring snow melt are critical variables for human 

communities now, in the past and into the future. Variations in snow cover have 

important implications for water supplies, irrigation, arable and pastoral agriculture, 

hunting, livestock herding, and transport of goods and people across the landscape. 

Whilst regional patterns of snow cover are useful indicators of environmental 
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processes, it is important to assess changes in snow cover at human scale resolutions 

relevant for the populations and settlements affected, specifically at resolutions in the 

order of magnitude of tens of metres over areas of kilometres squared. This thesis 

tests and calibrates models of snow distribution and melt using original data from 

Sweden and Norway and secondary data from Idaho, France and Greenland. 

Applications are focused on Norse Greenland. These comparatively isolated Viking 

Age-high medieval populations relied on a combination of pastoralism and hunting 

for subsistence and trade, and climate has been argued to have played a key role in 

both their success and ultimate demise. Greenland experiences long winters and 

prolonged snowfall, which form constraints on both pastoralism and wildlife. As a 

result, the distribution and persistence of snow is a potential driver of transformative 

change.    

Climate extremes outside the ranges that have been experienced in the recent 

past and lie outside the range of intuitional or social memory are likely to occur in 

our future, with the associated uncertainty of whether periods of extreme climate are 

short term events (‘noise’) or part of a trend towards a long-term transformative 

change (a ‘signal’ of change). A transformative change is when the human experience 

of living in a landscape is significantly altered and can occur over a time frame of 

generations. Given the key role of snow for sub-arctic populations, variations in 

snow have the potential to be a driver of transformative change. For contemporary 

sub-arctic populations to respond effectively to potential changes in snow cover as a 

result of future climate change, it is necessary to understand the relationships 

between snow, climate variations and the landscape to explore possible future 

scenarios and their practical implications. Modern landscapes can be studied to 

identify these relationships and develop an understanding of how snow may vary as a 

result of future changes in climate and the landscape.

The impact changes in snow cover have on social-ecological-systems (SESs) 

depends on how local communities interact with snow, and different sectors of 

society can have varying experiences of the same regional change. SESs constitute a 

resource system, resource units, governance system, users, interactions and outcomes 
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(Ostrom, 2007). Human-snow interaction in SESs is based on traditional ecological 

knowledge (TEK) (Berkes et al., 2000), an accumulated local knowledge of 

environmental variability, resource fluctuation and interactive relationships that is 

passed over multiple generations. Planning and response within SESs therefore 

addresses known or predictable variations that are within the range of social memory. 

When climate events occur of a magnitude or duration outside the range experienced 

within social memory, TEK may become fatally flawed and societies have to adapt in 

order to survive. Societies that experience new climate extremes have a critical 

choice - to undertake expedient, short-term minimum adaptions on the assumption 

that they will be sufficient, or embrace more profound change that may be 

unnecessary. Different adaptations will have different effects on short term resilience 

and long term survival (Nelson et al., 2010). Resilience can be defined as ‘the 

amount of change a system can withstand while retailing certain functions and/or 

structures’ (Redman and Kinzig, 2003), and is evaluated by the persistence of the 

population and cultural traditions through the period of impact of an event. Short 

term adaption measures, however, can reduce the resilience of a society to further 

change and increase the vulnerability to other impacts. For example, adaption by 

increasing reliance on a smaller number of prospering resources can increase short 

term resilience, but also increases the rigidity of the SES making it more vulnerable 

to variations in those resources.

A key issue is how a society recognises when periods of climate extremes 

indicate the crossing of a threshold towards a long-term transformative change, 

requiring long-term planning and management strategies. Short term climate impacts 

can be described as those which affect the range and frequency of shocks that society 

absorbs or to which it adjusts, whereas long term climate change alters the resource 

base but is felt by populations through short-term climate variability (Parry and 

Carter, 1985). Planning for long-term sustainable management is currently a major 

international goal in the face of anticipated climate change, but it is daunting because 

the future is uncertain. We also need to understand how regional scale projections of 

climate change are likely to play out at local level. Understanding contemporary 
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interactions can give insight into, and help prepare for, future variations in climate 

and snow across a landscape. In addition, current human-snow interactions can be 

studied, but the future and long-term response of sub-arctic populations to extreme 

variations in snow is uncertain. A valuable resource is the long-term archaeological 

and anthropological knowledge of the impact of transformative change on SESs in 

the past, and the success or failure of various subsequent responses. We can use these 

‘completed experiments’ and the insights of a long-term perspective to gain 

understanding of how variations in snow at a scale relevant to human experience 

impacted SESs, and how societies responded to these variations. This thesis studies 

both contemporary climate, snow and human-interaction in the landscape, and the 

long-term insights of the response of SESs to variations in snow in the past. The aim 

is to better understand human-snow interactions in sub-arctic populations with the 

potential to aid long term sustainable planning in the face of anticipated future 

climate change. 

1.3. Approach 

This thesis begins by setting the aim within scientific context in which the 

importance, physical properties and variation of snow in the landscape is outlined. 

This gives a background understanding for further analysis of potential temporal and 

spatial variations in snow as a result of climate change. The approach of this thesis is 

outlined in Figure 1.1 below.
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Chapter 1: Aim, rationale, key questions

Chapter 2: Scientific context: Review of published research on snow properties, variation,
                                            and importance in contemporary and past sub-arctic landscapes and societies

Chapter 5: Fieldwork and empirical data
                 Sweden, Norway

Chapter 6: Model application
              Greenland

Snow in the modern 
landscape

Long-term snow variations in 
the past landscape

Chapter 3: Snow model, empirical data collection, secondary data processing, 
                                 model application

Chapter 4: Snow model calibration and validation

Section 4: Discussion and Conclusions
Chapter 7: Discussion: Coherence of scale, impact of climate and snow variability on
                                                 sub-arctic societies, transformative change - recognition and response

Chapter 8: Conclusions

Section 1: Introduction

Section 2: Methodology

Section 3: Results and Analysis

Figure 1.1: Thesis approach outline

The over-arching research design of the methodology aims to deliver a robust snow 

model for application across the Norse Greenland landscape, which is done using a 

combination of empirical and secondary data collection, and calibration and 

validation of the numerical snow model. The medieval Norse Greenland community 

settled in south-west Greenland in circa 1000 AD, but had abandoned the region by 

circa 1500 AD. Study of the Norse in Greenland provides a completed experiment 

and long term insight into the response of an SES to transformative change, and is 

therefore the key focus of this thesis. The high resolution numerical snow model is 

described, which is a useful tool for simulating spatial and temporal change in snow 

across remote landscapes or in past or future time periods when snow data are sparse 

or non existent. The need for empirical and secondary data are identified in order to 

understand, run and calibrate the model, and to validate the results across the Norse 

Greenland landscape, where collection of empirical data are not possible. Empirical 

data collection is completed across two very different sub-arctic landscapes to gain 

an understanding of the processes simulated within the numerical snow model, so 

that the output across the past Norse Greenland landscape can be understood and 
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verified according to known current topographic, climate and vegetation 

relationships. Empirical data collection and contemporary snow-climate-landscape 

relationships are studied in Abisko National Park which is of Sami cultural origins in 

Sweden, and in the Scandinavian farming valley of Heidal, Norway. A description of 

the Abisko and Heidal landscapes and sub-arctic communities is, therefore, given as 

scientific context, alongside the development, societal structure and resource base of 

the Norse Greenland SES as a basis for further analysis of the impact of variations in 

snow on sub-arctic populations. The measurement of snow distribution across an 

open patchy forest and tundra landscape is described at Abisko, Sweden, and of snow 

distribution and melt across the mixed forest and farming steep sided valley of 

Heidal, Norway. The two differing landscapes represent different elements of the 

Norse Greenland landscape which included open tundra areas, steep sided fjords and 

farmed homefields. The secondary data required at Abisko and Heidal valley to 

analyse the empirical data collected and determine snow-climate-landscape 

interactions is described and the sources specified. In addition, high resolution 

secondary topographic, vegetation and climate data at Abisko enable verification of 

the numerical model at this site. Further calibration and verification of the model is 

completed at two sites where multiple year secondary snow and climate data are 

available - at Reynolds Creek, Idaho, and Col de Porte, France. In addition, the 

model is calibrated and verified in the current climate across the Greenland 

landscape where secondary snow and climate data are available. An understanding of 

the model processes, snow variability across current landscapes, calibration and 

verification of the model enables the results for the past Greenland climate and 

landscape scenarios to be presented with a degree of confidence, and enables 

substantiated further analysis and discussion.

 To understand the potential role of snow as a driver of transformative change 

for the Norse, the snow model is applied across Norse settlement sites in south west 

Greenland for the AD 1000-1500 time period. The secondary data and subsequent 

data manipulation required in order to run the model in the past is outlined and the 

data sources specified. The numerical model is used to simulate different climate and 
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vegetation scenarios and the resulting impacts on snow at a scale relevant to human 

experience. The methodology of defining different climate scenarios that represent 

the variations experienced by the Norse is described. In addition, vegetation 

scenarios are outlined with the aim of quantifying the impact the Norse may have 

had on snow cover, either unintentionally or deliberately, by clearing or allowing the 

growth of vegetation. 

The thesis results and analysis are presented simultaneously. Snow in the 

modern landscape is analysed from the empirical data results obtained through 

fieldwork in Abisko and Heidal valley, with identification of the interactions between 

snow, climate and the landscape, and contemporary human ecodynamics. Modelling 

snow during the past Norse Greenland occupation is problematic due to the absence 

of snow data with which to test the model. The uncertainties involved in modelling 

snow in Norse Greenland are identified, and future potential improvements are 

considered alongside a discussion of the coherence of scale and precision throughout 

this thesis. 

A discussion of the wider impacts the variations in snow had on the Norse 

SES is presented with reference to archaeological knowledge of Norse activity 

within the landscape. The response of the Norse to experiencing extreme climatic 

events is examined in terms of adaptation, increasing resilience, changing 

vulnerabilities and the rigidity of a SES. This is coupled with discussion of analysis 

of the climate record in terms of identifying climate events of extreme magnitude 

and/or duration, and examining how often and when the Norse experienced such 

extreme climate events.  In addition, the varying experiences of the Norse in different 

locations to the same regional climatic events is discussed. A wider discussion of the 

potential for sub-arctic populations to recognise and respond sustainably to 

transformative change driven by climate and snow variations concludes this thesis, 

alongside the vulnerabilities faced by SESs highlighted by the insight of a long-term 

perspective. 
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1.4. Key questions

1) Where does snow accumulate across the landscape?

Snow distribution by the wind generally results in snow being blown from open, 

wind-swept areas and accumulating in sheltered topographic hollows, lee slopes and 

areas of taller vegetation. Where does snow accumulate in and around settlements? 

Deeper, less dense snow is more difficult to move across relative to wind packed 

snow in open areas which therefore tend to be the location of winter movement 

patterns. Deeper snow accumulation areas generally remain snow covered for longer 

reducing the growing season length, but provide greater volumes of water in the 

spring melt period. What is the varying snow depth and SWE across the landscape?

Changes in wind speed and human-landscape interactions such as vegetation change 

will affect the spatial distribution of snow, but to what extent? Could vegetation 

manipulation be used to mitigate spatial variations in snow cover as a result of future 

climate change?

2) For how long is the landscape snow covered?

The length of time over which the landscape is snow covered determines the length 

of the growing season, the timing of increased water availability and land saturation 

from the spring melt and the switch between the different winter and summer 

movement patterns across the landscape. Timing of the first snow cover depends on 

both precipitation and temperature. A climate shift towards increased precipitation 

and also warmer temperatures will not necessarily result in greater snow fall since a 

greater proportion of precipitation will fall as rain not snow. The timing of the spring 

melt depends not only on temperature, but also topographic aspect and vegetation 

cover, since shaded areas remain snow covered for longer. Changes in temperature 

and precipitation will affect the timing of the first snow cover and the spring melt, 

but on what temporal scales? For how long is the ground around settlements snow 

covered and how does this vary with changes in climate? Could vegetation 

manipulation be used to mitigate temporal variations in snow cover as a result of 

climate change?
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3) How do changes in the spatial and temporal distribution of snow impact 

human ecodynamics?

The spatial variation of snow depth and density across the landscape is the result of 

varying topography and vegetation. What is the extent of these variations in snow 

and how do they influence human-landscape interactions? Past variations in climate 

have contributed to the abandonment of entire settlements. To what extent did 

variations in precipitation, temperature and wind speed affect snow cover at the 

settlement scale, and what impact did this have on the population? Future climate 

change is uncertain, but any changes in temperature, precipitation and wind speed 

will affect snow cover. Based on past and present climate analysis of snow cover 

change and its impacts, is it possible to better prepare and perhaps mitigate against 

the effects of future climate on snow cover?
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Chapter 2

Scientific Context

2.

2.1. The importance of snow

Snow is a key component of the hydrological cycle in northern latitudes (Barnett et 

al., 2005), with fresh water stored over the winter in the snowpack and released in 

the spring snow melt period. Snow distribution affects the timing, magnitude and 

spatial variability of the spring snow melt runoff (Luce et al., 1998) which is critical 

for agricultural, domestic, industrial (e.g. hydropower) and tourist  industries’ fresh 

water supplies in addition to Arctic ecology (Kohler et al., 2006). Snow is the key 

input to glacial systems, and variations in glacier mass balance affect glacier runoff 

which is an important fresh water contributor to streamflow in months and years of 

otherwise low flow (Comeau et al., 2009). In addition to being a vital fresh water 

source, snow distribution and melt determines the length of the growing season and 

land area available for grazing (Tucker et al., 2001; Rixen et al., 2008). Snow 

distribution and density also partially determines winter transport routes and the 

mobility of people and animals across landscapes, which typically have different 

summer and winter movement patterns.

Snow has a high albedo and thus reflects more incoming solar radiation than 

non-snow covered surfaces affecting air temperatures and atmospheric circulation 

patterns (Ellis and Leathers, 1999; Cohen and Entekhabi, 2001). Atmospheric and 
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ground temperatures are also influenced by snow moderating the conductive sensible 

and latent energy transfers among the atmosphere, snow pack and ground (Strack et 

al., 2004). Snow has a low thermal conductivity and therefore insulates soil from low 

winter air temperatures (Sturm et al., 1997; Zang et al., 2003). An increase in winter 

snow depth can therefore prevent cold winter air from preserving permafrost (Kohler 

et al., 2006), but prolonged snow cover may also extend the period for which the 

ground is frozen by insulating against the warm spring air (Adderley and Simpson, 

2006). Snow cover prevents winter soil desiccation (Pomeroy and Brun, 2001) and 

impacts the soil active layer, and subsequently vegetation growth, through thermal 

regulation of active layer depth and water and nutrient supply (McNamara et al, 

1997; Rixen et al 2008). Snow protects plants from wind and blowing snow abrasion 

and cold temperatures (Pomeroy and Brun, 2001). Vegetation heights in extreme 

environments can therefore be governed by snow depth (Sturm et al., 2001), and 

snow also provides shelter for small animals (Kohler et al., 2006). Given the 

importance of snow to Arctic hydrology, ecology, climate and populations, it is 

necessary that the processes causing variations in snow spatial and temporal 

distribution are studied in order to better understand the impacts of potential changes 

in snow distribution.

2.2. Snow properties and variation

Key physical properties of the snowpack are snow depth (ds), density (𝝆s) and the 

equivalent depth of water, termed snow water equivalent (SWE), which are related as 

follows:

 SWE = 0.01 ds 𝝆s  

where SWE is in kg/m2, ds is in cm and 𝝆s is in kg/m3 (Pomeroy and Gray, 1995).

If snow density is not known, an average density for fresh snow of 100kg/m3 is 

usually assumed (Pomeroy and Gray, 1995). The density of fresh fallen snow varies 

depending on the amount of air within the snow crystal lattice (and thus crystal 

shape), and increases with time following deposition through changes in the size, 
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shape and bonding of crystals, termed metamorphism (Pomeroy and Gray, 1995).  

 There are many causes of spatial and temporal variations in snow across the 

landscape. Snow is blown across the landscape both during and after snowfall 

according to wind direction and speed, and is deposited depending on topography 

(accumulating on leeward slopes and in depressions) and landcover (Essery and 

Pomeroy, 2004). Surface roughness affects the distribution of blowing snow and is 

influenced by vegetation height, so that increased shrub height results in increased 

snow depths up to the height of vegetation (Pomeroy and Gray, 1990), and snow is 

generally blown from open areas to forested areas (Essery and Pomeroy, 2004). 

Snow is also intercepted by forest canopies, and sublimation from the canopy can 

prevent a significant volume of falling snow precipitation from reaching the ground 

and thus reducing the volume of spring melt (Pomeroy and Gray, 1995; Hedstrom 

and Pomeroy, 1998; Montesi et al., 2004). Similarly, the sublimation of blowing 

snow can reduce the volume of the snowpack at specific locations (Pomeroy and 

Gray, 1995; Dery and Yau, 2002). Snow mass balance is coupled to the energy 

balance and temporal variations in snowcover result from variations in snow melt. 

Slope angle and aspect affect the amount of incoming radiation that reaches the snow 

surface, and air temperatures decrease with elevation such that snow melts earlier on 

southerly facing slopes at lower elevations that receive the maximum radiation. 

Patchy snowcover during the melt season also results from reflected radiation and 

warmth from surrounding bare rock surfaces and tree trunks in forested areas 

increasing melt rates in these locations (Ellis et al., 2011). Snow distribution in a 

landscape is predictable, in that the wind distribution and topographical-energy 

effects are similar each year (Dery et al., 2004), and vegetation frequently has 

similarities one year to the next. Annually, it is the volume of snow that tends to vary 

as opposed to the heterogenous spatial distribution, therefore temporal variations in 

snow are relatively harder to predict. The spatial distribution of snow across past and 

future landscapes can, therefore, be defined with a degree of confidence, but the 

volume of snow at any given time is uncertain.
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The impact of variations in snow on a SES relies on its context within the 

SES and how and within what range the system is prepared to deal with variability. 

Management and response often relies on TEK which is specific to the SES, and the 

impact of snow on sub-arctic populations is therefore studied in relation to specific 

systems. Snow within SESs and its relationship with the landscape, climate and 

population is studied in contemporary marginal communities in Abisko of Sami 

cultural origins in Sweden, in the farming valley of Heidal in Norway and in a past 

medieval farming community in south west Greenland. The location of Heidal valley 

and Abisko town are shown in Figure 2.1 below.

 Figure 2.1: Location of contemporary marginal communities Abisko, 
Sweden and Heidal valley, Norway where fieldwork studies are 
completed. Basemap source: Google Earth Imagery.
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2.3. Snow in a contemporary SES

2.3.1. Abisko and Sami population

Abisko in Swedish Lappland is a small town with a population below 100 inhabitants 

of Sami cultural origins on the edge of Lake Tornetrask. During the middle ages 

Lappland was populated by nomadic Sami people before being increasingly settled 

by the Swedish, Finish and Norwegians, and today maintains Sami cultures and 

identities. Abisko is within the traditional Sami reindeer herding region (Reinert et 

al., 2009). It is a popular tourist destination, with Sami cultural experiences such as 

husky sledding and winter National Park activities such as snow shoeing and cross 

country skiing strong attractions. The Abisko Scientific Research Station (ANS) has 

been a focus for sub-arctic ecosystem research, conducted in and around Abisko 

National Park as shown below in Figure 2.2.
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Figure 2.2: Location of Abisko Town, Abisko National Park, ANS and 
the surrounding sub-arctic landscape including Lake Tornetrask. 
Landsat satellite (Landsat, USGS) true colour image on 20th August 
2001

At ANS, permafrost monitoring has been ongoing from 1978 and snow depth 

measurements ongoing from 1961 (Callaghan et al., 2011). Abisko lies within the 

zone of discontinuous permafrost (Brown et al., 1997) and permafrost thickness has 

decreased since 1980 with accelerated thawing in the last decade (Callaghan et al., 

2011. Warming summer temperatures are partly the cause of accelerated thawing 

(Johansson et al., 2011), and it is likely that earlier snow melt exposing the ground to 

the increasing temperatures for longer periods of time contributes to the reduction in 

permafrost. Reduced permafrost can lead to the ground becoming unstable and 

increasing the risk of collapse causing infrastructure problems, and thawing soils are 
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likely to cause vegetation changes toward plants that favour wetter ground conditions 

(Johansson et al., 2006) . Snow depth measurements show an accelerated decrease 

since the mid 1980’s (Callaghan et al., 2010), despite increases prior to that, 

associated with climate warming.  An increased growing season as a result of 

reduced snow cover (Andrews et al., 2011) has resulted in an expansion of shrub and 

tree cover, with the risk that species and life forms within communities will not 

respond equally leading to the formation of non-analogous part communities 

(Callaghan et al., 2011). Transitions of the vegetation in northern Sweden will have 

substantial effects on the mountain ecosystems in the area (Callaghan et al., 2011).  

2.3.2. The history of settlement and farming in Heidal Valley

Heidal is a parish and valley in Oppland, Norway and is an ancient iron mining site. 

Iron mining in Heidal valley and the mountains of the area began at least 4,000 years 

ago. Heidal parish has many old timber buildings dating from the 18th and 19th 

centuries, and the oldest building is from the 16th century. The predominant 

industries in contemporary Heidal valley are agriculture and forestry, with growing 

tourism activity. Demographic records show a sharp decline in population as a result 

of the Black Death in the 14th century,  with subsequent regrowth (pers.comm, 

Christian Keller). In the 1600s there was one main farm in Heidal called Kings farm 

at the base of the south-east facing valley side. Kings farm employed approximately 

700 workers who were granted smallholdings, known as cotter’s farms, to live in and 

run as payment for their work on the Kings farm (pers.comm, Christian Keller). 

Farms on the south-east facing valley sides were, and still are, greater in value due to 

the earlier snow melt resulting in a longer growing season and the more favourable 

sunny conditions for plant growth. Pine forest covering the south-east valley sides is 

cleared for agriculture land, and therefore the north-west facing side has a denser and 

greater forest cover and is the location of the majority of forestry activity, namely the 

logging industry, as shown in Figure 2.3.
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Figure 2.3: The landscape of Heidal valley, including the location of 
the farms and shielings at higher altitudes on the south-east facing 
side and dense logging industry forest on the north-west facing side. 
(Basemap source: Google Earth, 2011).

 In the 1900s it was possible for the workers on Kings farm to buy the land and 

cotter’s farms for themselves, and many smallholdings were enlarged into working 

farms. By the 1950s all the smallholdings had passed into private ownership 

(pers.comm, Christian Keller). The large farms in Heidal valley are located along the 

foot of the valley next to the river, though many have been split into smaller units to 

farm today. At higher elevations are the rows of cotter’s farms, many of which have 

been enlarged and are in existence as working farms today. On the south-east facing 

side these upper farms are located at approximately 800m.a.s.l., and on the north-

west facing side at approximately 500m.a.s.l. Farms are often built on elevated 

glacially-formed mounds. Summer pastures (set in woodland clearings) and shielings 

exist at higher elevations, especially on the south-east facing side, where farm 

INTRODUCTION: Chapter 2 Scientific Context

18



workers would live and tend to grazing cows during the summer months. Since 

increase mechanisation in the 1960s, hay and grass grown here is now transported 

down to the animals at lower elevations and many of the former pastures are now 

becoming abandoned and re-forested (pers.comm, Christian Keller). Grass and hay 

for animal fodder (predominantly cows, but also sheep and horses) is the primary 

agricultural product. 

2.4. Snow in a SES: the use of ‘completed experiments’ from 

the past

2.4.1. Initial Norse settlement of Greenland

The Norse settled in Greenland in approximately 985 AD from Iceland, which itself 

was settled in approximately 874 AD (McGovern et al., 2007; Vesteinsson and 

McGovern, 2012). Two main communities existed in Greenland known as the 

Eastern or Østerbydgen (61ºN) and Western or Vesterbygden (64ºN) Settlements, 

both located on the south-west coast of Greenland as shown in Figure 2.4.
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Figure 2.4: Norse Greenland Eastern and Western Settlements with 
ruin groups marked as red dots (modified from Figure 1 of Arneborg 
et al., 2008) and insert of Eastern Settlement with location of the 
Vatnahverfi area, key Norse settlement sites Brattahlið, Garðar, 
Hvalsey and Sandhavn, and Danish Meteorological Institute stations 
Narsarsuaq and Qaqortoq (basemap on insert source: Google Earth, 
2011).
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The Eastern Settlement was the largest with approximately 500 ruin groups 

registered to date, whereas approximately 100 ruin groups have been registered to 

date at the smaller Western Settlement (Arneborg et al., 2008). Norse farms were 

distributed across the landscape, from outer fjord coastal sites to inner fjord areas on 

the edge of the current ice sheet extent but it is not known if they were all occupied 

at the same time. The Norse had a broad-based subsistence system based on pastoral 

farming and the harvesting of wild resources, both terrestrial (e.g. caribou and 

ground nesting birds) and marine (e.g. seals, walrus and whales), where a 

community-based network as opposed to the individual farm was key to subsistence 

and survival (Dugmore et al., 2012). The Norse settlers imported cattle, goats, sheep, 

pigs, and horses (McGovern et al., 2007; Buckland et al., 2009; Arneborg et al.,

1999), with the pastoral farming supported by homefields at the farm site that 

produced animal fodder (Adderley and Simpson, 2006; Golding et al., 2011; 

Buckland et al., 2009). Fodder maintained an essential core population of livestock 

throughout the winter, and the structural mismatch observed between the overwinter 

stalling capacity and the capacity of the field pens/livestock enclosures indicates that 

some livestock were free roaming throughout the winter (Madsen, 2008). Data from 

modern Greenlandic sheep farms working the same land occupied by the Norse show 

non-infrequent surges in mortality as a results of the episodic impact of cold and 

snowy winters on large herds (Madsen, 2008). Oral accounts exist in the Eastern 

Settlement area of year of relatively warm and non-snowy years in the 1970s 

followed by a 2m snowfall in 48 hours which killed 70% of sheep herds (pers.comm, 

Christian Keller). It is likely that the Norse strategy was to fodder-feed limited 

numbers of breeding and milking livestock indoors overwinter to enable the 

rebuilding of flocks and herds after harsh cold and snowy winters when the free 

roaming livestock may not have survived (Madsen, 2008). In the summer months 

shieling systems were used to manage the upland grazing of livestock across 

extensive rangelands (Adderley and Simpson, 2006, Dugmore et al., 2012). This 

allowed for the creation of dairy products and spread the grazing pressure widely 
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across the landscape (Mahler, 2007), with sheep and goats allowed to graze across 

the rangelands all year round (Golding et al., 2011). Scrub burning is evident in the 

palaeo-environmental record in both the Eastern and Western Settlements to extend 

areas of pasture (Sandgren and Fredskid, 1991). Norse farmhouses were generally 

built of turf on stone foundations, with wood used for doors and frames (Agustsson, 

1983), and in the Western Settlement the floor was covered in twigs and woodchips 

to insulate over the permafrost (Buckland et al., 1994)

 Archaeological research and soil profile analysis indicates that the Eastern 

Settlement was colonised rapidly across inner and outer fjord areas, with subsequent 

different regional pathways developing resulting in local variations in farming 

structure and management (Vesteinsson and McGovern, 2012; pers.comm, Christian 

Madsen and Ian Simpson). The most productive pastoral farming areas in southwest 

Greenland are located in the inner fjords where the densest cluster of Norse ruins, 

larger farms and churches are found, with outer fjord sites closer to the off-shore 

hunting grounds. Farms in the Vatnahverfi area (see Figure 2.4) typically have 

developed soils with wet spring meadows, and the Norse focussed on managing the 

fertility of soils with additions of manure in the form of domestic rubbish, byre 

waste, construction debris and fuel residues (Golding et al., 2011; pers.comm, 

Christian Madsen and Ian Simpson). This could, however, have been somewhat 

counter-productive because manure increases fertility and enhances water retention. 

Greater water retention could mitigate summer water stress, but it would also lead to 

greater ice formation and frozen soils are impermeable therefore potentially resulting 

in a water deficit and shortening the critically-limited growing season (pers.comm, 

Ian Simpson). Farms in the Brattahlið region (also known as Qassiarsuk) (see Figure 

2.4) generally have thinner, well draining soils and the Norse focussed on water 

management, with Norse ruins showing evidence of irrigation channels and dams 

(Adderley and Simpson, 2006; pers.comm, Christian Madsen and Ian Simpson, 

Buckland et al., 2009). Irrigation channels were made of stones and lined with 

manure or organic-rich midden material, and used to divert water from streams to 

homefield areas (Golding et al., 2011). Water management is an important practice 

INTRODUCTION: Chapter 2 Scientific Context

22



for present day farming in Greenland. The spring snow melt floods valley meadow 

areas which are drained on some farms to enable earlier crop planting (pers.comm, 

Christian Madsen). In the summer, however, a water deficit is experienced and 

irrigation is periodically required for crop growth. A current field level model of soil-

water-plant interactions applied in the Brattahlið area shows that a water deficit 

occurs in the plant root zone each year of up to 70mm for varying periods (Adderley 

and Simpson, 2006). Grassland is not grown for mature seed, therefore water deficits 

each year do not necessarily indicate water stress significant to impact crop yeild, 

what is important is both the magnitude and the duration of the period of deficit 

(Adderley and Simpson, 2006). Analysis in current climate indicates that water 

deficit years requiring irrigation to maintain plant growth follow relatively warm 

winters and/or where wind speeds are generally higher leading to greater 

evapotranspiration, and also extreme cold years (Adderley and Simpson, 2006; 

Buckland et al., 2009). Prolonged snow cover can significantly extend the period for 

which the ground is frozen after each winter since it is a poor thermal conductor, 

resulting in impermeable ground preventing grass growth and reducing soil moisture 

(Adderley and Simpson, 2006). Irrigation and fertilisation provides increased food 

security and increased yields in years of climate stress (Golding et al., 2011), 

indicating the ability of the Norse to adapt and manage the impacts of variations in 

climate. Evidence of a combined management approach of both irrigation and soil 

fertility enhancement is found at a southern coastal site known as Sandhavn (Golding 

et al., 2011), and also Garðar (also known as Igaliku) (Buckland et al., 2009) (see 

Figure 2.4). 

 Production from imported domestic animals was supplemented by marine 

resources, egg collection and hunting Caribou. Norse survival and prosperity 

required a combination of pastoral farming, use of wild species and exploitation of 

some source of trade goods to keep political, religious and cultural connections open 

(Dugmore et al., 2012). The Norse utilised marine resources from early settlement 

hunting both the comparatively limited numbers of non-migratory harbour (common 

or grey) seals and the huge numbers of migratory harp and hooded seals that move 
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along the southwest coast in the spring (Perdikaris and McGovern, 2008; Lucas and 

Daoust, 2002). The Western Settlement appears to have relied more heavily on 

hunting seals and caribou relative to the Eastern Settlement, with the farms structures 

indicating less space for storage and domesticates (McGovern, 2000). The spring seal 

hunt may have been critical to survival as it came at the end of winter when stored 

food was likely becoming scarce (Dugmore et al., 2009). In addition, communal 

hunting of walrus in the Disko Bay northern hunting grounds approximately 800km 

away was practiced in the summer to generate ivory for overseas trade (McGovern, 

1985; Hegmon et al., forthcoming 2013).  The winter trapping of fur-baring animals 

such as foxes also provided additional trade goods that the Greenlanders exchanged 

with traders from Norway (approximately 2,800km to the east) for key items such as 

iron and cereals (Fizhugh and Ward, 2000). 

 Larger farms raised greater numbers of cattle and actively participated in 

local and regional politics, whereas the smaller farms tended to rely more on wild 

resources and through time became increasingly dependent on the elite farms 

(Dugmore et al., 2012). The communal nature of the annual seal hunt, likely 

requiring the majority of available boats and active crew, and management of 

common lands meant communal success, as opposed to individual farm success, was 

important for survival (Dugmore et al., 2012). The necessity for co-ordination of 

communal management meant that by AD 1300 Norse Greenland had law codes, a 

general assembly (located at Garðar (Halldorsson, 1978)), Norwegian royal 

representative, monastery, bishop (residing at Garðar), nunnery and churches 

indicating a stratified society with the ability to manage communal resources for 

adaptive success (Dugmore et al., 2009). The Norse harvested bird eggs and hunted 

Caribou with no evidence of decline in numbers for nearly 500 years, suggesting 

sustainable management practices without overexploitation (Dugmore et al., 2009). 

The effectively limitless supply of migratory harp and hooded seals could support the 

Norse in critical years when other resources were low, limited only by labour supply, 

extreme weather and mobility barriers (Dugmore et al., 2012). Mobility for the 

Norse was a key issue with resource harvesting requiring travel over hundreds of 
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kilometres to northern hunting grounds both offshore for seals, and onshore for 

caribou. The scale of the organisation of labour resources for effective community 

co-operation required collaboration between households and districts and a well-

integrated settlement network (Dugmore et al., 2007). Travel would have switched 

between seasons with winter routes over frozen lakes and summer routes sailing 

across fjords. The Norse seasonal activities (illustrated in Figure 2.5 below) typically 

included seal hunting in the spring, probably peaking in late May through early June, 

and caribou hunting in autumn probably between late August and early October 

(McGovern, 1985). Cattle milk production peaked after spring calving and ended 

shortly before byring for winter, with caprines probably requiring shelter during 

much of the winter, and haymaking began as early as July in some years, but more 

likely occurred from August to September. 

Figure 2.5 Estimate of Norse seasonal activities. Note the tight 
scheduling of summer activities and the likely importance of the 
spring seal hunt for replenishing food stocks. Navigation dates are in 
accord with the stated preference of Norse sailors for summer-
autumn voyages (cf. Larsen 1917). Source: Figure 7 from McGovern, 
1985.

The variety of resource harvesting indicates the Norse made a conscious effort to 

conserve resilience and flexibility and the Norse survived successfully for an 

extended period of nearly 500 years (Dugmore et al., 2007). The population of the 

Eastern Settlement may have reached 4000-5000 at its peak (Arneborg et al., 1999). 

Evidence suggests, however, that the Western Settlement was abandoned in AD 

1350, and the Eastern Settlement by AD 1430 +/- 15 years (Arneborg et al., 1999). 
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Previous discussion attributes Norse extinction to their failure to adapt (Diamond, 

2005). More recently, however, it has been proposed that the Norse did adapt 

effectively as a community with intensification and investment in fixed resource 

spaces, such as increased marine utilisation, but with the result of reducing their 

resilience to unpredictable variation in the climate, economy and culture contact 

(Dugmore et al., 2007; McGovern et al., 2007; Dugmore et al., 2012). Snow is likely 

to have been a key factor in Norse human ecodynamics; it may have been a critical 

limiting factor on livestock numbers and pastoral productivity. Limits on terrestrial 

productivity could be a key driver of adaptive change and the intensified utilisation 

of marine resources. This places an effective understanding of the extent and 

duration of snow cover at the centre of debates about human ecodynamics in 

medieval Greenland.

2.4.2. Norse abandonment: economic and cultural impacts

The demographic impacts of the Black Death and the second pandemic drove social 

and economic transformations in post 14th century Europe (Cantor, 2011). Bulk 

commodities such as wool, fish and fish oil became new engines of growth in 

Europe, marginalising the trade of prestigious items such as the Greenlandic walrus 

ivory (Keller, 2010; Dugmore et al., 2012). In addition, new access to African 

elephant ivory in Europe and changing art styles reduced the demand for walrus 

ivory (Roesdahl, 2005). This devaluation of walrus ivory combined with the waning 

of Norwegian royal power would have contributed to the growing isolation of the 

Greenland settlements (Dugmore et al., 2007), and regular shipping between Norway  

and Greenland ceased after the AD 1370s. The last written record of contact between 

Norway and Greenland was in AD 1408 with reference to a marriage at Hvalsey 

Church, with the last navigation in approximately AD 1420 (Mageroy, 1993). 

Simultaneously, Norse references after the early 13th century suggest growing 

conflict with the Thule Inuit, who were moving into the outer fjords of the Norse 

settlement areas (Gullov, 2008). This complex cultural contact is not fully 

understood, but even sporadic conflict would have increased the dangers of the 
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annual seal hunt and any loss of the sealing and voyaging boats that contained a 

substantial proportion of the active Norse adult hunters would have had a significant 

impact on the community (Dugmore et al., 2012). It is entirely possible that the 

plague which struck Iceland for the first time in AD 1402-1403 could have reached 

Greenland a decade later, with devastating consequences (Lynnerup,1996; Dugmore 

et al., 2007), although in the absence of any empirical data that remains pure 

speculation. 

It is outside the scope of this thesis to analyse in detail all contributing factors 

to Norse abandonment. It is, however, certain that in some form or other, climate in 

general and snow in particular, has the potential to have been a major driver of 

transformative change in Norse Greenland (Dugmore et al., PNAS). Thus the focus 

of this thesis is on the impact of climate variations and specifically snow on the 

Norse SES, and how such variations in extent and duration of snow cover may have 

contributed to transformative change in medieval Greenland.  

2.4.3. Climatic variations in medieval Greenland

Proxy climate indicators from multiple sources, including the Greenland Ice Core 

Project (GRIP) borehole temperatures, lake sediment analysis and tree ring data, 

have been used to reconstruct northern hemisphere annual mean temperatures from 

AD 1000 (Juckes et al., 2007). The highest temperatures relative to the 1866-1970 

mean are seen to occur in the 11th century (Juckes et al., 2007) during what is termed 

the Medieval Warm Period or Medieval Climate Anomaly (MCA) from 

approximately AD 800-1300 (Trouet et al., 2009). Similarly, a more recent multi-

proxy reconstruction of the Northern Hemisphere (NH) 30-90 ºN mean temperature 

from 1 AD shows a peak warming in approximately AD 950-1050 reaching 0.6 ºC 

relative to a reference period AD 1880-1960 (Christiansen and Ljungqvist, 2012). A 

significantly colder period is observed from approximately AD 1450-1700 (Jukes et 

al., 2007) known as the Little Ice Age (LIA), which culminated in AD 1580-1720 

with a temperature minimum of -1.0 ºC below a reference period of AD 1880-1960 

(Christiansen and Ljungqvist, 2012). The reconstruction of the NH 30-90ºN mean 
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temperature based on numerous proxies (detailed in Christiansen and Ljungqvist, 

2012) reaching back to at least AD 300 is illustrated in Figure 2.6, clearly showing 

the peak MCA around AD 1000 and culmination of the LIA after AD 1500.

Figure 2.6: Reconstruction of the NH mean temperature (ºC) based on 
multiple proxies (detailed in Table 1 of Christiansen and Ljungqvist 2012). 
Reconstructions with different calibration periods are differentiated. All 
reconstructions are 50-yr smoothed and centred to zero mean in AD 
1880-1960. Source: Figure 7 from Christiansen and Ljungqvist, 2012. 

The timing, magnitude and duration of the MCA and LIA are shown to vary 

considerably on a regional scale (Jensen et al., 2004; Dansgarrd et al., 1975), with 

western Greenland thought to have experienced anomalous warmth locally around 

AD 1000 (Crowley and Lowery, 2000, Christiansen and Ljungqvist, 2012). Both the 

MCA and the LIA are most clearly expressed in the North Atlantic region (O’Brien et 

al., 1995), and are thought to reflect century-scale changes in the North Atlantic 

Oscillation (NAO) (Keigwin and Pickart, 1999), a term used to describe fluctuations 

in atmospheric pressure at sea level resulting in changes in atmospheric and ocean 

circulation. It is emphasised that the MCA and LIA should not be considered as 

continuous cold or warm periods, but as perceived cooler periods punctuated by 

B. Christiansen and F. C. Ljungqvist: The extra-tropical Northern Hemisphere temperature 775

Fig. 5. Reconstruction of the extra-tropical NH mean temperature
(�C) based on the gray-shaded proxies in Table 1 reaching back to at
least 300AD. Calibration period 1880–1960AD. Only proxies with
positive correlations and a p-value less than 0.01 are used. The
included proxies are given in the legend. Thin curves are annual
values; thick curves are 50-yr smoothed. Red curves show bias and
confidence intervals for the 50-yr smoothed values. From ensemble
pseudo-proxy studies mimicking the reconstructions, we have cal-
culated the distribution of 50-yr smoothed differences between re-
constructions and target. The biases and the upper and lower 2.5%
quantiles are calculated from these distributions. In the figure the bi-
ases (full red curves) have been added to the real-world reconstruc-
tions. Likewise, the upper and lower quantiles have been added to
the real-world reconstructions (dashed red curves). The green curve
shows the observed extra-tropical (>30� N) annual mean tempera-
ture. The yellow curve show the temperature average over grid-cells
with accepted proxies. Both curves have been centered to zero in
1880–1960AD.

mid-20th century. This warm event represents the climax of
the MWP. Note that the extra-tropical NH mean temperature
from HadCRUT3v in 1880–1960AD is 0.23 �C colder than
in the often used standard climate period 1961–1990AD. For
the complete NH mean temperature, the corresponding num-
ber is 0.22 �C. The MWP in the LOC reconstruction seems
somewhat shorter and more well-defined than in previous re-
constructions (Fig. 6) mainly because the LOC reconstruc-
tion is colder in the centuries before and after the 10th and
11th centuries.
We have repeated the reconstruction with different cali-

bration periods. As mentioned previously the LOC method
allows different calibration periods for the different proxies.
Using a calibration period beginning in 1880AD and lasting
to the end of each proxy (see Table 1), 24 proxies pass the
t-test at the 1% level. This set of proxies includes the 16
proxies that passed the test with the calibration period 1880–
1960AD, and eight new proxies. From the correlations listed
in Table 1, we see that the larger number of proxies are due
mainly to an increase in the correlations with the new (mainly
longer) calibration periods and not due to a decrease of the
cut-off frequency related to these longer calibration periods.

Fig. 6. Some previous temperature reconstructions, (Hegerl et al.,
2007; Loehle and McCulloch, 2008; Huang et al., 2008; Mann
et al., 2008, 2009; Ljungqvist, 2010; Christiansen and Ljungqvist,
2011) published subsequently to the IPCC Fourth Assessment Re-
port (Solomon et al., 2007) shown together with the LOC recon-
structions of the present paper. All reconstructions are centered
to zero mean in the 1880–1960AD period and have been 50-yr
smoothed with a Gaussian filter. The confidence intervals of the
LOC reconstructions of the present paper (from Figs. 5 and 8) are
also shown (dashed curves).

Fig. 7. Reconstruction of the extra-tropical NH mean temperature
(�C) based on the gray-shaded proxies in Table 1 reaching back to
at least 300AD. Different calibration periods: 1880–1960AD as in
Fig. 5, 1880 to the final year of each individual proxy, and 1900 to
the final year of each individual proxy. See Table 1 for the last year
of the individual proxies. Only proxies with positive correlations
and a p-value less than 0.01 are used. The included proxies are
given in the legend. All reconstructions are 50-yr smoothed and
centered to zero mean in 1880–1960AD.

For a few of the proxies, the correlations change drastically
with the change in the calibration period (e.g. China Stack,
14), making them less reliable. The correlations now fall in
the interval 0.28–0.90 with a mean/median of 0.46/0.41.
From these proxies the local temperatures are recon-

structed and adjusted to zero mean in the reference period

www.clim-past.net/8/765/2012/ Clim. Past, 8, 765–786, 2012
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milder intervals and vice versa (Ogilvie and Jonsson, 2001). Holocene total solar 

irradiance has been reconstructed from ice records, mainly from the GRIP Greenland 

ice core (Steinhilber et al., 2008), and volcanic activity reconstructed from global 

stratospheric sulphate aerosols (Gao et al., 2008), as illustrated below in Figure 2.7.

Figure 2.7: A) total solar irradiance (TSI) reconstruction (Steinhilber 
et al., 2009) for the past 1200 years. The grey band is the uncertainty. 
Insert shows the group sunspot number. Capital letters mark the 
grand solar minima: O = Oort, W = Wolf, S = Sporer, M = Maunder, D 
= Dolton. B) Total global stratospheric volcanic sulphate aerosol 
injection in teragram (Tg) (Gao et al., 2008). Source: Figure 1 from 
Steinhilber and Beer, 2011.

Five distinct grand solar minima are identified as the Oort (1040-1080), Wolf 

(1280-1350), Sporer (1460-1550), Maunder (1645-1715) and Dalton (1790-1820) 

Minima. The latter four occurred in a cluster which coincides with the LIA from 

approximately AD 1350-1850, and between Oort and Wolf a period of high solar 
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Figure 1: A) Zoom-in of the 9300-year long total solar irradiance (TSI) reconstruction (Steinhilber et al., 2009) for the 
past 1200 years. The gray band is the 1! uncertainty. Inset shows the group sunspot number. MCA: Medieval climate 
anomaly; LIA: Little Ice Age. Capital letters mark grand solar minima: O=Oort, W=Wolf, S=Spörer, M=Maunder, 
D=Dalton. B) Total global stratospheric volcanic sulfate aerosol injection in teragram (Tg) (Gao et al., 2008).

The Sun is a variable star and the most 
important source of energy for the Earth. 
This raises the question whether the Sun 
a!ects the Earth’s climate. Several solar 
activity records show that the Sun has 
short- and long-term variability. An ex-
ample is the well-known sunspot record 
(inset curve in Figure 1a), which reaches 
back to the year 1610 AD, when people 
started to use the telescope for astro-
physical purposes such as observing the 
Sun. From the sunspot record it is known 
that solar activity was lower during the 
17th and 18th century than today. In par-
ticular, the period from 1645 to 1715 AD 
named the Maunder Minimum (Eddy, 
1976) is characterized by a nearly com-
plete absence of sunspots. The sunspot 
record “only” goes back to 1610 AD and 
before this time other proxies of solar 
activity must be used. Presently the only 
proxies capable of extending the record 
of solar activity beyond 1610 AD are cos-
mogenic radionuclides, such as 14C and 

10Be. The term “cosmogenic” points to 
the origin of the radionuclides — cos-
mogenic radionuclides are produced 
by nuclear reactions between cosmic 
ray particles and the gases of the Earth’s 
atmosphere. Thus, cosmogenic radionu-
clides record the intensity of the cosmic 
ray intensity at Earth. 

Link to the Sun
Why do cosmogenic radionuclides re-
cord the solar activity? The link between 
10Be and solar activity is illustrated in 
Figure 2. Cosmic ray particles are accel-
erated to high energies in the vicinity 
of supernova explosions in our galaxy. 
To reach the Earth they have to propa-
gate through the heliosphere, which is 
formed by the solar wind carrying the 
solar magnetic "eld. Cosmic ray par-
ticles are charged and therefore get de-
#ected by the solar magnetic "eld. The 
larger the strength of the solar magnetic 
"eld, the stronger is the de#ection of 

cosmic ray particles and the lower the 
cosmic ray intensity at Earth. The solar 
magnetic "eld is directly related to solar 
activity, i.e., when solar activity is weak 
the strength of the solar magnetic "eld 
is weak. To summarize, the radionuclide 
production rate is high during a grand 
solar minimum like the Maunder Mini-
mum and low during periods of high so-
lar activity. Thus the radionuclide signal 
principally allows reconstructing solar 
activity.

In addition to the solar magnetic 
"eld, the geomagnetic "eld also modu-
lates the cosmic ray intensity. From ar-
cheointensity data it is known that the 
geomagnetic "eld has varied in time 
(e.g., Knudsen et al., 2008) and therefore 
a part of the variation found in cosmo-
genic radionuclides is of geomagnetic 
origin. Hence, variations of the geomag-
netic "eld must "rst be removed from the 
radionuclide record before solar activity 
can be calculated. The physics-based de-
pendencies between radionuclide pro-
duction, solar activity and geomagnetic 
"eld strength have been determined 
using the Monte Carlo technique (Ma-
sarik and Beer, 2009). These calculations 
provide the dependence of the radio-
nuclide production on solar activity and 
geomagnetic "eld strength. Based on 
this dependence and the known paleo-
geomagnetic "eld, the solar activity can 
be derived from the radionuclide signal. 

After their production in the Earth’s 
atmosphere, the radionuclides are trans-
ported and distributed within the en-
vironment and partly stored in natural 
archives. The best-suited archives are 
tree rings (14C) and polar ice (10Be) and 
both have recorded the solar activ-
ity signal with high temporal resolution 
over many millennia. Tree rings and po-
lar ice can both be dated very accurately, 
which is a prerequisite for high temporal 
resolution reconstructions. Some exist-
ing records have annual resolution for 
the past ca. 600 years (Berggren et al., 
2009), and resolutions of a few years 
to decades for the Holocene (e.g., Mus-
cheler et al., 2007; Usoskin et al., 2007; 
Steinhilber et al., 2008). Note that cos-
mogenic radionuclides are also found in 
other archives (e.g., alpine glaciers, lake 
sediments, ocean sediments) but gener-
ally the chronologies are less accurate. 
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activity is evident of approximately 200 years which coincides with the warmer and 

drier MCA (Steinhilber and Beer, 2011). Low latitude volcanic activity in 1258-1259 

coincided with a solar minima and is expected to have resulted in further cooling of a 

magnitude of approximately 2ºC (Oppenheimer, 2003; Gao et al., 2008). Greenland 

winter temperatures are much more variable than summer temperatures, and 

therefore have greater influence over the average annual variability (Vinther et al., 

2010).

 Greenland ice core data provide geochemical indicators of sea ice extent and 

storminess in addition to temperature change (Mayewski and White, 2002). Ice core 

data suggest that the North Atlantic during Norse settlement was relatively calm and 

ice free compared to conditions after the 15th century (Dawson et al., 2003). Major 

changes in ocean circulation around South Greenland occurred around AD 1300, 

with the expansion of the cold Eastern Greenland Current (ECG) into the fjords 

(Kujipers and Mikkelsen, 2009; Ogilvie et al., 2009). The fluctuation of the EGC and 

resulting variations in fjord sea ice became more pronounced after AD 1200 (Jensen, 

2003). Hydrographic study, including evidence from two marine sediment cores 

taken from the inner part and at the entrance of the Garðar fjord, indicates that there 

is limited exchange of water between the outer fjord and the inner fjord due to 

several islands narrowing the channel (Jensen et al., 2004). The outer conditions are 

governed by the EGC, and the inner conditions are influenced by local temperature, 

meltwater runoff and wind conditions (with katabatic winds usually preventing the 

formation of fjord ice during the winter) (Jensen et al., 2004). At present, the outer 

fjord is generally covered by sea ice carried by the EGC for several months a year 

and when fjord ice forms it is usually restricted to the northern end of the fjord 

(Jensen et al., 2004). This is in contrast to the surrounding fjords which are generally 

covered by ice in late winter and early spring (Jensen et al., 2004). Analysis shows 

that from Norse settlement to approximately AD 1245 the outer Garðar fjord and east 

Greenland generally was characterised by limited sea ice and calm conditions 

(Jensen et al., 2004). 
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 Data from marine sediment cores and onshore aeolian deposits in Garðar 

Fjord suggest that an enhanced regional wind stress period over south Greenland 

occurred from AD 900, with wind speeds thought to have reached a peak around AD 

1300 (Kuijpers and Mikkelsen, 2009). In addition, local katabatic winds of over 

40km/s occur most frequently in winter and springtime from the inland ice blowing 

down the fjords (Kuijpers and Mikkelsen, 2009). These strong wind episodes can last 

days at a time (Cappelen et al., 2001). In addition to temperature, sea ice and wind 

speed variations, pollen analysis indicates wet-dry climate oscillations throughout 

settlement with Norse abandonment associated with a wet shift (Edwards et al., 

2008). Tree ring data and paleobotanical investigations indicate that predominantly 

warm and dry conditions prevailed from AD 1000 to 1300 (Fredskild, 1978) and 

cooler and wetter conditions from AD 1400 to 1800 (LaMarche, 1974) with wetter 

summers during the 13th and 14th centuries (Frank et al., 2010). Generally, average 

precipitation and temperature was less variable between AD 1000 and 1200 (Kaplan 

et al., 2009).

 Current climate 1961-1990 meteorological records from inner fjord 

Narsarsuaq and outer fjord Qaqortoq stations (see Figure 2.4) show that inner fjord 

locations experience a more continental climate than outer fjord areas, with warmer 

summers from April to September inclusively (maximum mean monthly difference 

of 3ºC in July), cooler winters (maximum mean monthly difference of 2ºC in 

December) and less precipitation (annual mean difference approximately 250mm) 

(Cappelen et al.,, 2001). This is reflected in the number of frost free days which is 

115 days at Narsarsuaq and 65 days at Qaqortoq (Adderey and Simpson, 2006), and 

in a greater mean snow depth, number of days with snowfall and number of days 

with snow cover in outer fjord locations, as detailed in Table 2.1.
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Table 2.1: South-west Greenland snow records from Danish 
Meteorological Stations Narsarsuaq (inner fjord) and Qaqortoq (outer 
fjord) 1961-1990. Data are number of days with snowfall, number of 
days with greater than 50% snow cover and mean snow depth (cm). 
Data source: Cappelen et al., 2001

Snow/Met station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Snowfall       Inner

days             Outer

Snowcover   Inner

days             Outer

Snow depth Inner

cm                Outer

9 8 9 8 3 1 0 0 1 6 8 9 60

10 9 10 8 4 1 0 0 2 5 9 10 68

27 22 27 19 3 0 0 0 0 8 21 26 154

30 26 30 24 9 1 0 0 0 8 23 29 179

15 20 16 9 1 0 0 0 0 1 6 13 --

27 41 38 23 2 0 0 0 0 1 10 15 --

Snowfall, cover and depth is consistently greater in outer fjord locations, with mean 

winter (November to March, inclusively) snow depth in outer fjord locations 26cm 

compared to 14cm in inner fjord areas. Similarly, mean spring (April and May) snow 

covered days in outer fjord locations is 16 and mean snow depth 13cm, compared to 

11 days mean snow cover at inner fjord areas and 5cm mean snow depth. These 

current local climate differences are expected to be reflected in medieval climate 

across the Norse Eastern Settlement. The Norse, therefore, would have had varying 

local experiences of the same regional medieval climate change, with the densest 

cluster of Norse ruins and larger elite farms located in the reduced snow cover inner 

fjord areas. Variations in medieval snow cover across the Eastern Settlement could, 

therefore, be key to understanding variations in human ecodynamics within the 

Eastern Settlement and the importance of hierarchy and power.

 The Norse experienced the relatively warm, calm and climatically stable 

period (AD 700-1000) with reduced fluctuations during settlement (Buntgen et al., 

2011). Throughout the mid 13th to 15th centuries, however, the Norse faced a 

conjunction of unfavourable climate conditions with an overall regional decline in 

temperature from approximately AD 1250 and increasing frequency of cold periods, 

increased wind speeds reaching a maximum at AD 1300, an increase in sea ice event 

AD 1250-1300, increased storminess especially from AD 1425 and increased inter-
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annual variability in temperature and precipitation (Hegmon et al., forthcoming 

2013). It would have been difficult for the Norse to predict a climate threshold-

crossing event, but the increased climate variability could have served as an early 

warning signal. There is evidence to suggest that early warning signals in complex 

dynamic systems do exist (van Nes and Scheffer, 2007; Scheffer et al., 2009), such 

as flickering between alternative states and increased variance, and critical slowing 

down describing the increased time taken to return to equilibrium following 

perturbation (Guttal and Jayaorakash, 2008; Wang et al., 2012). As a system becomes 

increasingly stressed, recovery times from perturbations (such as extreme cold 

periods or drought) lengthen, increasing the impact of the perturbation on the system 

and the vulnerability of the system to a further perturbation (Veraart et al., 2012). 

Early warning signals do not provide an absolute measure of distance a system is 

from a transition, but can indicate an approaching change if identified (Streeter and 

Dugmore, submitted 2013). The variation in climate throughout Norse occupation 

and climate transition into the LIA had the potential to be a transformative driver of 

change for the Norse given their reliance on the landscape for survival. Previous 

research has analysed how variations in different aspects of climate may have 

impacted the Norse and how they adapted in an attempt to survive. 

2.4.4. Norse abandonment: climate impacts and adaptation

Over multiple generations the Norse had accumulated century-scale traditional-

ecological-knowledge (TEK) (Berkes et al., 2000) of climate variability, resource 

fluctuation and interactive relationships, including strategies to survive periods of 

extreme climate and resource depletion (Dugmore et al., 2012). The climate 

throughout the mid 13th to 15th centuries fluctuated with greater variability than 

previously experienced by the Norse, including periods of extreme cold, increased 

sea ice, wind speeds, storminess and sea level change. Contemporary data used in a 

model of soil-water-plan interactions has been linked to palaeo-climate data to 

calculate the frequency of water deficit years, with results indicating that 

approximately 11% of years at the time of Norse settlement experienced drought 
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conditions, with this proportion increasing to approximately 16% into the 14th 

century (Adderley and Simpson, 2006). Increased wind speeds around AD 1300 in 

addition to the local katabatic winds may have contributed to drought conditions by 

causing an increase in evapotranspiration and soil erosion, and subsequent decrease 

in soil fertility and moisture (Adderley and Simpson, 2006).

 Periods of extreme cold temperatures would have reduced growing season 

length, pasture productivity, grazing opportunities, livestock winter survival and 

increased winter fodder need, culminating in the loss or forced culling of livestock, 

especially in the more arctic Western Settlement (Dugmore et al., 2012; Dugmore et 

al., 2007; Golding et al., 2011). In smaller farms, livestock numbers are likely to 

have fallen below minimal biological replacement levels, resulting in increased 

levels of reliance on larger farms with larger stock numbers to maintain the viability 

of the farming system and reinforcing the power of social hierarchy (Dugmore et al., 

2012). Farmers with low livestock numbers as a result of an extreme cold climate 

period would require three to five years to rebuild herds in order to take advantage of 

subsequent warm periods (Dugmore et al., 2012). It is likely that one isolated year of 

extreme cold would have less transformative impact, especially to the richer and less 

marginalised farms, than a sequence of less extreme cold years and as such, the 

frequency of extreme events is as important as the magnitude (McGovern et al., 

2007). Increased storminess and sea ice would have posed a hazard to sailing and 

threatened voyages to the northern hunting grounds, also limiting vital 

communications with Norway required for both exports and imports (Fitzhugh and 

Ward, 2000; Dugmore et al., 2012; Hegmon et al., forthcoming 2013). In addition, 

relative sea level rise of up to approximately 1.5m during the c. 500 year period of 

Norse occupation is thought to have destroyed significant areas of lowland pasture 

and infrastructure such as boat houses (Mikkelsen and Kuijpers, 2010; Mikkelsen et 

al., 2008).

 In the face of extreme climate conditions, the Norse continued to apply 

previously successful TEK and adaptive strategies and intensify the use of marine 

resources. Caribou numbers were comparatively limited and effective conservation 
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strategies were employed. Harbour seals are non-migratory and not usually found in 

association with drifting sea ice (Gjertz et al., 2001), therefore increased summer sea 

ice threatened harbour seal reproduction in the Eastern Settlement (Dugmore et al., 

2012; Woollett et al., 2000). Intensification of caribou and harbour seal resource use 

could have threatened their local extinction by overhunting (Dugmore et al., 2012), 

the migrating seal populations were, therefore, a vital source of food as air-dried 

meat and arguably the only resource open to the Norse (Dugmore et al., 2012). 

Isotope records from Norse human skeletal material show a shift from 20% marine to 

80% marine during the 500 years of settlement, and seal bone abundance in middens 

similarly increases over the same time period (Arneborg et al., 1999; Mainland and 

Halstead, 2005; Arneborg et al., 2012). An indication of varying human experiences 

within the Eastern Settlement according to social status is that the skeleton bones of 

the bishop who resided at Garðar indicate only 25% marine food consumption in the 

mid 13th century time period relative to 40-50% marine in other skeletons from the 

same period (Arneborg et al., 1999). This is possibly the result of recent immigration 

from Norway or due to his high social status, allowing the bishop access to beef and 

game (Arneborg et al., 1999) when it was scarce.

 Soil erosion rates have been calculated from analysis of a 4m sediment core 

from Lake Igaliku located to the north-west of Garðar (Massa et al., 2012) and 

support this evidence of increased marine resource use. There were no Norse ruins 

within Lake Igaliku watershed but there is currently a modern farm, therefore the soil 

erosion rates (shown in Figure 2.8) record the medieval rangeland impacts during 

Norse occupation and record modern near-farm impacts in the 20th  century. 
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Figure 2.8: Reconstruction of past soil erosion rates (grey barplot), lake 
trophic status (points) and vegetation change for the Igaliku lake system with 
historical cultural events. Changes reflect variations in Norse rangeland 
activity. Source: Figure 6 from Massa et al., 2012. 

Prior to Norse settlement, soil erosion rates were relatively stable and the increase in 

erosion during AD 1010-1335 is attributed to the agricultural activities of the Norse 

in the form of land clearance (pollen data indicates a decrease in woody taxa) and 

sheep grazing (Massa et al., 2012). Grazing pressure and associated soil erosion rates 

remain high up until AD 1335, after which grazing pressure decreased and the dwarf-

shrubs recovered, with erosion rates falling to pre-settlement values (Massa et al., 

2012). The maximum soil erosion rates occurred a few decades after the appointment 

of the first bishop, when Garðar was likely at its maximum development. Erosion 

rates decrease at least one century before abandonment, perhaps from AD 1230 

coinciding with the increase in marine diet. This contradicts the idea of over-grazing 

causing a collapse of society, and is more likely the result of reduced livestock 

rangeland grazing due to climate changes (Massa et al., 2012). Sediment cores at a 

site south of Garðar also identify intensification of land use, but without strong 
2004) indicating an extension of the growing season which was
favorable to Norse farming. Thus, compared with the relatively
stable soil erosion rate before the Norse landnám, its increase
during the period 1010e1335 AD is interpreted as a consequence of
agricultural activities in the lake catchment. Soon after the Norse
arrival, the land clearance (indicated in pollen data by a decrease in

woody taxa) and the introduction of sheep led to a rapid increase in
soil erosion to a maximum of 8 mm century!1 around 1180 AD,
twice the background level (Fig. 6a). The positive phase of corre-
lation between d13C and d15N between 1030 and 1230 AD as well as
maximum values in C:N ratio and Ti suggest a stronger impact of
Norse farming during this period (Fig. 5a). Maximum erosion
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indications of soil erosion, which is attributed to increased pastoral activity and 

clearing of the local shrub (willow) (Edwards et al., 2011). Variations in climate, 

diet, volcanic activity and storminess from Norse settlement through to abandonment 

are summarised in Figure 2.9. 

Figure 2.9: Isotope records from Norse human remains in Greenland (A) 
indicate changes in diet (Arneborg et al., 2012). Volcanic sulfate records (B) 
from GISP2 show the unusual scale of the AD 1257 volcanic eruption 
(Oppenheimer, 2003). Multiproxy records of climate (D) (Mann et al., 2009) 
also indicate potential unpredictability shown as the deviation of each year 
from the mean of the previous 15 years (C). Proxy records of storminess (E 
and F) (Meeker and Mayewski, 2002) show stepwise changes that contribute 
to the conjunctures of the 15th century. Source: Figure 3 from Dugmore et al., 
2012

The Norse successfully survived the periods of extreme climate in the 13th century, 

such as the AD 1258 volcanic eruption, with continued evidence of substantial and 

well furnished stone church construction in the Eastern Settlement (Dugmore et al., 

farms. High interannual variability in summer growing season and
winter duration also produces a tracking problem; farmers who
heavily culled their stock to survive a cold period are likely to have
needed 3–5 y to rebuild herds to take advantage of a subsequent
run of warm summers. FARMPACT results indicate the con-
straints on farming expansion in Greenland, highlight the ten-
dency of the overall farming system to foster interdependency,
and through time, they show an increase in collective reliance on
better-situated magnate farms. These factors, coupled with the
topographic constraints of Greenland’s glaciated landscape, limit
the potential for either the maintenance or intensification of
domestic stock production through periods of climate fluctuation
and cooling.
In Norse Greenland, interannual buffering from stored food

was limited by the absence of grain or dried fish. In these cir-
cumstances, necessity would dictate the increased use of other
resources. Intensification of caribou or harbor seal hunting was,
however, also limited by climate impacts on caribou grazing and
harbor seal reproduction and the need to avoid their overhunting
and local extinction. These limitations left the migrating seal
populations in general and harp and hooded seals in particular as
a truly vital source of food in the form of air-dried meat. The
Norse seasonal round in Greenland, thus, represented something
of a balancing act, requiring considerable skill, deep reserves of
TEK, and substantial resilience to not only get the community
from year to year on current account subsistence but to also
produce the surpluses that supported construction of the still
impressive stone churches of the Eastern Settlement.
In the later Middle Ages, the balance between terrestrial

farming and marine hunting began to shift decisively in Green-
land. The increased use of marine mammals through time is
shown by two independent lines of evidence. The C and N iso-
tope records from human skeletal material change from !40% to
!80% marine, and this finding mirrors changes in the faunal
assemblages in middens, where seal bones increase to similar
levels of abundance over the same time period (18, 24). We
argue that this shift represents an initially successful response to
climate change and an initially resilient modification and in-
tensification of sealing TEK by the Greenlanders.
Climate variability always provided challenges to Norse

Greenland’s TEK, and the notion of a uniform medieval warm
period has long been replaced by the realization that even the
earliest periods of settlement saw considerable variability requiring
effective coping strategies. TheNorseGreenlanders survivedmany
hard years before the 13th century and not only persevered but
prospered. However, in the late 13th to mid-14th centuries, the
effects of processes operating on different temporal and spatial
scales began to coincide, producing unprecedented challenges.
Sea-level rise operating over century time scales destroyed sig-

nificant areas of lowland pasture and maritime infrastructure such
as boat houses (42). Cooling trends on decadal scales coincided
with climate fluctuations expressed on annual scales, which are
shown in ice cores andmultiproxy climate reconstructions (43–46).
Add to themix low-frequency, high-magnitude volcanic impacts on
climate—the global climate perturbation caused by low latitude
volcanism in A.D. 1257–1259 (47)—and the circumstances were
created for transformative change (Fig. 3).
Summer sea ice increased around the Eastern Settlement, with

direct impacts on navigation, harbor seals, and quality of pasture
along shores (48). The increasing sea ice would also have af-
fected the coordination of communal labor during the vital
summer months. The cumulative effects of reduced summer
growing seasons (sometimes occurring in strings of successive
summers) (43) and rising sea levels (42) would have both re-
duced grazing and fodder production and increased winter byr-
ing time and overall fodder need. Increased North Atlantic
storminess (especially after A.D. 1425) would have increased
hazards to sailing, threatening voyages to the Northern hunting

grounds for walrus and the vital communications with Norway,
the lifeline for both exports and imports.
A general reduction in summer temperatures would have had

adverse impact on stock survival, while sharpening vertical zona-
tion effects to the disadvantage of all upland farms, especially those
farms in the more arctic Western Settlement. As Fig. 3 indicates,
in the early 14th century, the overall cooling trend was associated
with alternating extremes of warm and cold that far exceeded the
range of the prior decadal-scale experience and therefore, fell
outside the expected range of Norse TEK.
Collectively, these environmental changes would have de-

graded subsistence flexibility, decreased environmental pre-
dictability, and driven threshold crossing in the marine ecosys-
tems related to the Eastern Settlement. The small Western
Settlement (with a maximum likely population of 600–800) failed
sometime in the late 14th century. Although the end of the
Western Settlement is not completely understood, a likely
proximate cause was isolation combined with late winter sub-
sistence failure, plausibly connected to climate change (25, 43).
The much larger Eastern Settlement did not go extinct along

with the Western Settlement, enduring until the mid-15th cen-
tury. Despite the multiple assaults on their subsistence system
and the apparent devaluation of centuries of accumulated TEK,
the Eastern Settlement mobilized community resources and in-
tensified exploitation of what was arguably the only resource
open to them—the migratory seals. In combination, these data
present a clear picture of significant climate challenge and flex-
ible human response. Norse Greenland did not succumb entirely
to the massive and unprecedented environmental challenges of
the 14th century but instead, drew on its depth of TEK and its
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2009), but survival was not without long-term cost and trade-offs.  The increased 

reliance on the migratory seals led the Norse towards a rigidity trap increasing their 

vulnerability to factors affecting the seal hunt. The culmination of unprecedented 

climate extremes that far exceeded the expected range of  Norse TEK combined to 

threaten the seal hunt. Increases in sea ice and storminess would have caused 

operational difficulties for boats and trade transport across the fjords (Dugmore et 

al., 2007) and affected the co-ordination of communal labour in the summer months 

(Dugmore et al., 2012). The seals were culled offshore at a significant distance from 

the inner fjord farms, with the carcasses then moved inland to the communities 

(Dugmore et al., 2012). Intensification of this process increased the risk of loss of 

life in boating accidents, especially with increased storminess and sea ice, which for 

the communal Norse society could potentially be catastrophic (Dugmore et al., 2012; 

Dugmore et al., 2009). Reduction in total population past the minimum threshold for 

effective communal seal hunting would have resulted in a terminal subsistence crisis 

and it is possible that no further form of management could have prevented 

extinction once past this threshold (Dugmore et al., 2009; Lynnerup, 1996; Lynnerup 

and Norby, 2004). Towards the latter stages of abandonment, critical gaps between 

labour availability and key tasks and a collapse of the social structures that provided 

stability and enabled communal resource gathering may have resulted in regional 

collapse (Dugmore et al., 2007). On a local scale, it is likely that areas were 

abandoned at different times, with soil analysis indicating that not all farms survived 

into the 15th century (Edwards et al., 2011). Abandonment of outlying farms or 

relocation as a choice may have occurred as a local solution to adverse climate 

conditions (Panagiotakopulu et al., 2007). The role of snow is unknown, but is likely 

to be key in understanding the impact of climate variations at a human scale and 

local differences between farms within the Eastern Settlement. The Western 

Settlement was abandoned by approximately AD 1350, and the Eastern Settlement 

by approximately AD 1430 (Arneborg et al., 1999). 

 The impact of climate variations on the Norse and the likelihood of climate as 

a driver of transformative change has previously been, and continues to be, 
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researched and discussed. The impact of variations in snow specifically, however, 

has not been quantified and in itself has the potential to be a driver of transformative 

change by placing pressure on the terrestrial ecosystem and resulting in the increased 

reliance of the Norse on the marine. Cool periods are expected to increase the 

proportion of precipitation falling as snow and decrease the rate of snow melt. It is 

therefore expected that snow covered area, depth and length of time over which the 

ground remained snow covered would have increased outside of the Norse TEK 

range with the onset of extreme cold periods experienced after initial settlement. 

Given the importance of water management, crop growth for animal fodder, grazing 

rangeland availability, livestock survival and mobility for community management, it 

is necessary to investigate the specific impact of snow on the Norse SES at a scale 

applicable to human experience. 

2.5. Conclusion

 The Norse survived the challenges of the 13th and 14th centuries by adapting, 

investing in fixed resource spaces and intensifying the use of marine resources. This 

was effective for short term (decadal-century) survival, but increased vulnerabilities 

and developed into a rigidity trap ultimately lacking resilience in the face of further 

change (Dugmore et al., 2012). Extreme climate changes, such as flooding and 

drought, have obvious and measurable effects. Gradual long term unpredicted 

changes are less obvious, however, and early warning signals are difficult to separate 

from noise (McGovern et al., 2007). Gradual change can therefore be more 

dangerous in the long term, since it is difficult to identify when a climate threshold is 

being approached (Dugmore et al., 2007, McGovern et al., 2007; Scheffer et al., 

2012). Often, the predictions for the upcoming year are based on what happened in 

previous years, but in mid 15th century Greenland, the past climate became 

increasingly inappropriate as a guide to the future. Planning for uncertainty is 

difficult, especially when there is a devaluation of traditional knowledge bases which 

have been used for centuries, therefore it is important not to be complacent about 

known ranges of environmental change (McGovern et al., 2007). Our global society 
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has vastly greater resources than the Norse medieval farmers, but has been reluctant 

to expand sources of TEK or resolve the conflicts between climate change and core 

social ideology (Dugmore et al., 2012). Unpredictable climate change is currently 

affecting Arctic populations and resulting in stress on local resource management, 

raising concern over uncertain future ranges of environmental change (McGovern et 

al., 2007). 

 Climate impact should be assessed in a language understood by policy 

makers and local populations. For example, climate impact has previously been 

expressed by calculating changes in agricultural crop risk failure (Parry and Carter, 

1985). Given the importance of snow to sub-arctic populations and its potential as a 

driver of transformative change, climate impact in this thesis is assessed by 

calculating temporal and spatial variations in snow. It is important to study variations 

in snow on a scale relevant to the human experience (in the order of tens of metres) 

to give insight into the impacts on daily lives and also the capability of a population 

of acting in a constructive way (pers.comm., Michelle Hegmon). The Norse 

Greenland study shows that it is possible to build up centuries of knowledge, 

conserve fragile resources for communal benefit, adapt to new environments and yet 

still face ultimate collapse (Dugmore et al., 2009). The impact variations in 

snowcover had on the Norse Greenlanders and their response as a SES is important 

to understand and assess as a ‘completed experiment’. This is both to help better 

predict the impacts of our changing climate, and also to enable current populations to 

be better prepared and make informed decisions regarding long-term strategies to 

manage current and future variations in snowcover. 
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SECTION 2 METHODOLOGY

Chapter 3

Snow Model, Data Collection and 

Processing

3.3

3.1. Approach and methods

The research questions are approached using a combination of numerical modelling 

and empirical data collection. Remote high latitude settlements are typically 

inaccessible and lack observation data, especially at high resolutions and spanning 

multi-decadal time periods. Numerical models are, therefore, valuable tools and 

often the only way to understand and simulate temporal and spatial variations in 

snow cover as a result of climate and landscape change. Empirical and secondary 

data are required to gain an understanding of, and quantify, snow variation across 

landscapes, and to calibrate and validate numerical models. Empirical and secondary 

data from Abisko, Sweden and Heidal valley, Norway, and secondary data from 

Reynolds Creek, Idaho, Col de Porte, France and present day Greenland are used to 

deliver a robust snow model for application into historical social-ecological contexts 

across the Norse Greenland Eastern Settlement. The ‘completed experiment’ of the 

Norse Greenlanders is analysed to identify how marginal populations may have 

reacted to variations in snow cover and with what consequences. The following 

methodology is split into two distinct sections, the first outlines the snow model, 
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empirical and secondary data collection and processing (Figure 3.1) and the second 

section describes the model calibration and validation (Figure 3.2)

Model application: Norse Eastern Settlement, Greenland

Abisko, Sweden 

Spatial distribution
 snow depth & density

Spatial distribution and melt
 snow depth & density

Heidal, Norway
Patchy birch and open tundra 

Empirical data - fieldwork:

Mixed forest and agricultural clearings

Secondary data:

Meteorological data

Topography

Vegetation

Understanding model processes - relationships between vegetation, topography, climate and snow

Verification of model outputs across Norse Greenland based on known snow-landscape-climate relationships

Snow model processes: snow distribution and snow melt variation across landscapes 

High resolution secondary data 
- snow model validation

Secondary data: Meteorological data

Topography

Vegetation

Current climate: DMI stations

Past climate: GCM simulations
Calibrate and localise GCM 
data using current DMI data

Digital Elevation Model 25m 

Landsat satellite images and NDVI calculation

Norse society Collaboration with archeologists

Two field stations Field measurements

LiDAR DEM Field measurements,  ASTER DEM

LiDAR DEM Field observations

Long term impact of snow variation on sub-arctic population, society response and wider implications 

Heidal, NorwayAbisko, Sweden Eastern Settlement, Greenland Data input Outcome

Figure 3.1: Methodology approach detailing the snow model, 
empirical data collection at Abisko and Heidal valley, secondary data 
requirements and snow model application across the medieval Norse 
Eastern Settlement in Greenland. 
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Figure 3.2: Model calibration and validation across sub-arctic 
locations, using empirical and secondary data sources. 

The study areas and data source locations (Figure 3.3) used in this thesis are chosen 

with regard to availability of secondary data, sub-arctic locations suitable for 

empirical data collection and/or the importance of marginal society interaction with 

the landscape and climate. 
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Figure 3.3: Thesis study areas (Abisko, Heidal valley and Norse Greenland 
settlements) and data source locations (Reynolds Creek, Col de Porte).

Empirical and secondary data are collected at Abisko, Sweden, and Heidal valley, 

Norway, to understand contemporary variations in snow across landscapes. Abisko is 

an area of relatively open and natural birch forest and tundra compared to the steep 

sided mixed forest and farming valley of Heidal, providing contrasting sub-arctic 

landscapes and cultures in which to study human ecodynamics and snow variability. 

Elements of both landscapes are found in the Norse Greenland landscape, with steep 

sided fjords, farmed homefields and open tundra areas. Understanding the processes 

simulated within the model and how snow varies across current landscapes helps to 

verify model output across the Norse Greenland landscape based on known 

relationships between snow, topography, vegetation and climate. High resolution 

secondary data at Abisko also enables verification of the numerical model at this site. 

The availability of multi-year snow depth measurements and high resolution climate 

data at Col de Porte, France, Reynolds Creek, Idaho, and present day southwest 

Greenland enables model calibration and validation, including analysis of the 

uncertainties involved in temporal and spatial parameter transfer which is an 

approach used in the application of the snow model across medieval Norse 

Greenland. The archaeological insight into the Norse Settlements in Greenland 

provides a ‘completed experiment’ to study the long term impact of climate change, 

specifically snow, on human ecodynamics and society response. 
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3.2. Snow model

A high resolution numerical snow distribution and energy balance melt model, 

known as JIM (Essery et al., 2012; Richard Essery, pers.comm.) is used to simulate 

snow accumulation and melt across the landscape. The processes modelled are 

categorised into two parts; snow distribution and snow melt, and are conceptually 

depicted as diagrams in Figures 3.4 and 3.5, respectively, showing the model inputs, 

processes, calibrated parameters and outputs. Calibrated parameters are numerical 

constants in the model equations, the values of which are set after testing the 

modelled snow output against measured snow data.  

Figure 3.4: Modelled snow distribution. Modified from Figure 1 of Liston et al., 
2007.

To distribute snow across the landscape, a digital elevation model (DEM) and 

vegetation height model are required. Snow cover variability across the landscape is 

generally studied at three spatial scales: macroscale (10km to 1,000km) depending 

on latitude, elevation, orography and the presence of large water bodies; mesoscale 

(100m to 10km) depending on relief features, terrain variables such as slope and 

aspect and vegetation cover, for example in terms of height and density; and 

microscale (1m to 100m) resulting from variations in air flow patterns and transport 
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(Pomeroy and Gray, 1995). Snow variability is highly heterogenous at mesoscales 

and microscales as a result of blowing snow. To capture this variability at scales 

relative to settlements and populations a DEM resolution of 25 – 30m is optimal. The 

Liston wind model (Liston et al., 2007) is used to calculate a wind field according to 

the topography and surface roughness (influenced by vegetation height) from point 

wind speed and wind direction input data. Snow is subsequently blown across the 

landscape by suspension in the air and saltation across the ground surface according 

to the wind field, and some is lost through sublimation. Net snow accumulation in a 

given area at a given time step is expressed as:

Qnet = P – [dQt/dx](x) – Qe

where:

Qnet = net snow accumulation flux after sublimation, kg m2s-1

P = snowfall flux, kg m2 s-1

Qt = total blowing snow transport flux, kg m2 s-1

Qe = blowing snow sublimation flux, kg m2 s-1

x  = horizontal distance along the fetch (upwind distance of uniform terrain), m  

(Pomeroy et al., 1997)

 Qnet can be either negative or positive, indicating the surface is either a source or 

sink of blowing snow, respectively. 

 Fresh snow density is fixed as a calibrated parameter (with a default value of 

100kg m3) and as the surface snow is buried under a new layer of fresh snow, its 

density is increased as it is compacted over time. The modelled snow pack layers are 

shown in the conceptual diagram of the melt model below.
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Figure 3.5: Modelled snow melt

The model simulates a multi-layer snowpack, where the maximum number of layers 

and the depth of each layer can be specified (the default is 3 layers with 0.1m, 0.2m 

and 0.3m thickness). Each layer has a depth, temperature, ice content, liquid water 

content and density which are re-calculated when fresh snow is added to the surface 

of the snow pack. The snow layers can retain a maximum liquid fraction of snow (a 

calibrated parameter with a default of 0.05), and when this is exceeded, water is 

passed to the layer below (if re-freezing does not occur) and ultimately runs off at the 

base of the snowpack. Snow melt is quantified as a residual in the heat balance, with 

the energy budget for the snowpack calculated from input meteorological data as 

follows: 

 Qi = Qns + Qnl + Qh + Qe + Qr + Qg + Qm   

where:

 Qi = changes in snowpack internal heat storage (+/-)

 Qns = net shortwave radiant energy exchange (> 0)

 Qnl = net longwave radiant energy exchange (+/-)

 Qh = convective exchange of sensible heat with the atmosphere (+/-)
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 Qe = convective exchange of latent heat of vapourization and sublimation 

with  the atmosphere (+/-)

 Qr = rainfall sensible and latent heat (> 0)

 Qg = ground heat conduction (+/-)

 Qm = loss of latent heat of fusion due to meltwater leaving the snowpack
                     (< 0)

(DeWalle and Rango, 2008) 

 The input meteorological variables required for the model are: incoming short 

wave radiation; incoming long wave radiation; rainfall rate; snowfall rate; air 

temperature; relative humidity; wind speed; wind direction and air pressure. The 

energy balance melt model can be run separately at a point with hourly 

meteorological input data for a given time period, outputting snow depth and SWE at 

specified temporal intervals (with an hourly minimum). To distribute the point 

meteorological data across the landscape, temperature and precipitation lapse rates 

within the model reduce the temperature and increase the precipitation with 

elevation, in addition to the redistribution of snow by wind according to topography 

and vegetation height (Liston et al., 2007). The distributed model output is in the 

format of gridded snow depth and SWE at the spatial resolution of the DEM. Model 

output can also include other gridded variables calculated in the modelling process 

such as snow density, liquid water content of the snow and melt water runoff at the 

base of the snowpack. 

 Empirical and secondary data collection is required as input to run the snow 

model, and a greater understanding of the model processes is gained from analysis of 

the empirical and secondary data. Fieldwork in remote sub-arctic settlements was 

completed to both gain an understanding of, and quantify, snow across the landscape 

and its impact on populations in the current climate, and to obtain snow data for 

validation of the numerical snow model. Two remote settlement locations were 

chosen with different topography, vegetation cover and landuse. Snow distribution 

across an open patchy forest and tundra landscape was observed at Abisko, Sweden, 

and snow distribution and melt across a densely forested and steep sided farming 

valley was measured at Heidal valley, Norway.
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3.3. Abisko, Sweden  

3.3.1. Site description

Abisko is a town in the Swedish province of Lappland, located northwest of Kiruna 

near the Norwegian border and inside the Arctic circle at a latitude of 68ºN (see 

Figure 2.1). The abundance of high resolution climate, topographic and vegetation 

data at Abisko makes it an ideal site to study the relationships between snow and the 

landscape, and as a site to test the validity of the snow model. The fieldwork study 

area is located on the edge of Abisko National Park approximately 3km south of 

Abisko town, as shown in Figure 3.6.
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Figure 3.6: Location of fieldwork study area and Abisko Town. 
Landsat satellite (Landsat USGS) true colour image, on 20th August 
2001. Open water is coloured black, vegetated areas as green, bare 
rock above the shrub line as brown and snow/ice in the upper 
mountains as blue. 

The Abisko Scientific Research Station (ANS) at 388 m.a.s.l on the outskirts of 

Abisko town (68º21’N, 18º49’E) (Figure 3.6) was established in 1912 with 

meteorological data recorded from 1913 onwards. Mean annual temperature at 

Abisko is 0.7ºC (1913-2000), with July the warmest month (mean approximately 11 

ºC) and January the coldest (mean approximately -12 ºC) (Kohler et al., 2006). Mean 

annual precipitation (1913 – 2000) is 310mm which is one of the lowest in 

Scandinavia due to the sheltered rain shadow location of Abisko (Kohler et al., 

2006). July is the wettest month, with 40 % of the annual precipitation occurring in 
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summer (June-Aug) and 15% occurring in spring (March-May) (Kohler et al., 2006). 

The fieldwork area is part of an established scientific research site linked to ANS and 

therefore had two meteorological towers in use during the fieldwork period, one at a 

birch site (‘Abisko Birch’ (AB) at 570 m.a.s.l and a second above the tree line at a 

tundra site (‘Abisko Tundra’ (AT)) at 752 m.a.s.l (Figure 3.6). In addition, mid-way 

between these sites is a patchy birch and open summer soil research area called the 

‘Intensive Valley’ (IV). Vegetation varies from birch forest at lower elevations near 

the town and at the AB site, through patchy birch and open areas such as frozen lakes 

and marshes near the IV site, to shrub and open tundra above the tree line at higher 

elevations such as at the AT site.

3.3.2. Empirical Data Collection

Snow distribution across the landscape immediately prior to the melt period was 

observed and measured from March 24th to April 7th 2009. A transect 2.9km in length 

between the AB and AT sites (shown in Figure 3.7) was surveyed with a depth probe 

and snow tube on 31st March and 1st April 2009. The snow tube of 1.2m length and 

0.06m diameter was used to take a core of the snow pack every 50m, with the length 

of the core and the mass recorded using a balance in the field. The depth and mass of 

the snow core was used to calculate the snow density and subsequently the SWE. 

Four additional depth measurements were made with a depth probe 2m from each 

snow tube core location in N, S, E and W directions to indicate the variation in snow 

depth at each sampling point. Snow tube measurements give a net density and SWE 

for the entire snow pack depth. To measure the variation in density and SWE 

throughout the snow pack, nine snow pits were dug at the IV site (Figure 3.7). After 

cutting a vertical cross section through the snow pack, a 0.1m deep cutter (of 

0.001m3 volume) was used to extract a section of snow every 0.1m depth into the 

snow pack. This was weighed on a balance in the field in order to calculate snow 

density and SWE for each 0.1m depth layer, the average and sum of which, 

respectively, gives the total density and SWE of the snow pack. In addition, the 

variation in temperature of the snow pack at 0.1m depth intervals was measured 
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using a thermometer probe, and any distinct layers or ice lenses in the snow pack 

were observed. Higher resolution snow depth surveys were also completed at the IV 

site. Snow depth was measured with a depth probe every 2m along a 354m transect 

between two of the snow pit sites forming the IV grid (Figure 3.7) on the 4th April 

2009.

Figure 3.7: Abisko fieldwork transects. Landsat satellite (Landsat 
USGS) true colour image on 20th August 2001. Open water (i.e. lake) 
is coloured black, vegetated areas as green, and bare rock above the 
shrub line as brown. The study area is the same as indicated in 
Figure 3.6.

Snow depth was also measured at 46 sample points across the IV grid at intervals of 

25m, 50m and 100m on the 26th, 27th and 29th March 2011 to match summer soil 

sampling points of other researchers. The empirical data measured at Abisko is later 

compared to observations and secondary data of the topography and vegetation 
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height to determine relationships between snow cover and the landscape, and is 

compared to modelled snow cover across the study area to test the validity of the 

snow model. 

3.3.3. Secondary data collection

Topography and vegetation height

LiDAR (Light Detection and Ranging) first and last pulse elevations at a 4m spatial 

resolution across a 5 by 5km area (which included the field study area indicated in 

Figure 3.7) were obtained from the ABACUS Twiki website (ABACUS Twiki, 

2009). The last pulse elevations represent the ground surface and therefore form the 

digital elevation model. Any missing data from the DEM was interpolated using a 

spring metaphor method inbuilt into Matlab (Matlab, 2011). This method assumes 

springs (with a nominal length of zero) connect each node with every neighbour 

(horizontally, vertically and diagonally). Since each node tries to be like its 

neighbours, extrapolation is as a constant function where this is consistent with the 

neighbouring nodes. Curvature was calculated from the DEM on a cell by cell basis 

using the ‘curvature’ tool in ArcGIS (ESRI, 2011). Curvature is calculated by fitting 

a fourth order polynomial of the form

 z = ax2y2 + bx2y + cxy2 + dx2 + ey2 + fxy + gx + hy + i 

to a surface composed of a 3x3 window, i.e. fitted through each cell and its eight 

surrounding neighbours. The coefficients a to i are calculated from this surface and 

curvature is the second derivative value of this surface, calculated as:

 curvature = -2(d + e) * 100

(ESRI, 2011)

A positive curvature indicates that the surface is upwardly convex, a negative 

curvature indicates that the surface is upwardly concave and a zero curvature 

indicates that the surface is flat at that cell. Curvature is used to analyse relationships 

between snow and the topography, with snow expected to accumulate in sheltered 

topographic hollows. 
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The first pulse LiDAR elevations are assumed to represent the top of the 

vegetation since there are no buildings in the area, therefore vegetation height is 

obtained by subtracting the first pulse elevations (ground surface) from the last pulse 

elevations (vegetation top). Vegetation heights of less than zero and exceeding 20m 

were classed as missing data and interpolated, again using a spring metaphor method.  

A maximum height of 20m was determined from field observations, with the tallest 

trees found in the gorge running through the fieldwork study area (Figure 3.7). 

Vegetation height and the topography are used with the observed snow survey data to 

determine and quantify relationships between the landscape and snow cover. In 

addition, the LiDAR DEM and vegetation height are required for, and used in, the 

snow model simulating snow distribution across the landscape. The processed last 

pulse LiDAR data (DEM) and vegetation height derived from first pulse LiDAR data 

is shown in Figure 3.8, with snow survey locations displayed. Vegetation height in 

Figure 3.8 is shown for vegetation above 2m and for the fieldwork study area.

Figure 3.8: DEM derived from LiDAR last pulse data and vegetation 
height (above 2m) from first pulse LiDAR data (ABACUS Twiki, 2009).

Meteorology 

To model snow distribution across the Abisko study area, hourly meteorological data 

are required in addition to vegetation height and topographic data. Meteorological 

data within the field site are available from the AB and AT towers for the 2008-2009 

hydrological year, and data are also recorded at the nearby ANS station. The data 
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were obtained from the ABACUS Twiki website  (ABACUS Twiki, 2009). Data 

from the AB tower for the 2008-2009 year are limited with large time periods of 

missing data, therefore data from the AT tower (752 m.a.s.l) is used to produce the 

point meteorological data required for the snow model since it is located within the 

fieldwork study area, unlike the ANS station (388 m.a.s.l). Wind direction is missing 

for the AT site for three days, so ANS wind direction data are used directly to fill the 

gap. It is assumed that the prevailing wind direction at the AT and ANS sites is the 

same and not affected by the difference in altitude. Similarly, incoming longwave 

radiation data are missing from the AT site so are directly filled using ANS data, this 

is considered valid as both meteorological stations are located in clear, unshaded and 

open areas. The data recorded at the AT site are plotted against the ANS site for the 

2008-2009 hydrological year to check for any significant differences and therefore 

possible errors. The climate plots can be found in Appendix A, which show 

significant differences between both precipitation and air pressure recorded at the AT 

and ANS sites. Air pressure and precipitation varies with elevation, with air pressure 

recorded at the AB site also significantly different to that recorded at the ANS and 

AT sites. Variation in both variables is therefore attributed (at least partly) to the 

elevation increase from the ANS site (388 m.a.s.l.) through the AB site (570 m.a.s.l) 

to the AT site (752 m.a.s.l ) and not considered erroneous. 

The numerical snow model is run across the Abisko fieldwork study area for 

the 2008-2009 hydrological year using the LiDAR DEM and vegetation height, and 

the AT hourly meteorological data (with missing data filled by ANS records). 

Modelled snow depth and SWE output can then be tested against the empirical 

fieldwork data for validation of the snow model. 

3.4. Heidal valley, Norway

3.4.1. Site description 

Heidal valley is located in the county of Oppland in Norway at a latitude of 61.5ºN 

(see Figure 2.1). Heidal valley is in a mountainous region located just east of the 
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Jotunheimem mountains, west of Rondane National Park and south of the Dovrefjell 

mountains. Heidal valley is steep sided running northwest to southeast with, 

therefore, a south-east facing ‘sunny’ side, and north-west facing ‘shady’ side. The 

river Sjoa runs along the base at approximately 400 m.a.s.l and the topography rises 

sharply up to summits of 1000-1500 m.a.s.l. Landuse varies from summer tourist 

river rafting and farmland at the base, through dense birch and pine forest used for 

logging with farmland clearings, to shrub and bare rock above the treeline at 

approximately 1000 m.a.s.l. Wild reindeer roam the forests with mountain traps/pits 

for moose and reindeer still in existence, and the clearing of forests for cabins is 

restricted for reindeer preservation. Heidal valley has a dry continental climate with 

warm summers, cold winters, and low precipitation. Temperatures in Heidal valley 

range annually from nearly -30 to nearly +30ºC. Heidal valley lies in the rain shadow 

from the Jotunheimem mountains which separate eastern and western Norway and 

annual total precipitation is generally below 1500mm, falling below 750mm at the 

bottom of the valley (Norwegian Meteorological Institute, accessed 2010). 

3.4.2. Empirical Data Collection

Snow distribution across the landscape immediately prior to the melt period was 

observed and measured over a fieldwork period from the 28th February 2010 to the 

9th March 2010, with a second fieldwork period mid-melt from the 22nd April to the 

2nd May 2010.  Snow surveys along three discontinuous transects from the valley 

bottom to the top were completed in both the pre-melt (surveys completed 2nd to 5th 

March) and mid-melt (surveys completed 23rd, 24th and 26th April) periods, two on 

the sunny side and one on the shady side. The transects are outlined within Heidal 

valley in Figure 3.9 (for an annotated true colour image of the area see Figure 2.3).  
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Figure 3.9: Location of snow survey transects in Heidal Valley, with 
the contours of the base map (Geodetic Survey, Norwegian Mapping 
Authority) illustrating the steep valley sides. The locations (names) of 
the major farms on each transect are highlighted in yellow.  

The transects are discontinuous due to steep valley sides and densely forested areas 

preventing access to a continuous vertical transect. The landcover of the transect 

sections measured, however, is representative of the varying forest tree types, 

densities, clearing sizes and open areas that would be found along a continuous 

transect from valley bottom to mountain top. The snow survey transects are plotted 

on a false colour Landsat satellite image from April 2001 (Figure 3.10) which 

highlights the location of the cleared farmed areas, especially visible along the river 
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on the sunny side. The forested and clearing sections of each transect are 

differentiated, and the location of tinytag meteorological data loggers indicated. 

Figure 3.10: Location of snow survey transects, tinytag data loggers 
and farm clearings in Heidal valley. Landsat satellite false colour 
image (Landsat, USGS) on 21st April 2001

Snow depth was measured with a depth probe every 5m along each transect, and a 

snow tube core length and mass measurement was taken every 50m, from which 

snow density and SWE was calculated. In very densely forested areas, sample depth 

and snow tube measurements were taken around an accessible point rather than along 
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a transect.  Four additional snow pits were dug, two in forested areas and two in 

clearing areas, to measure variations in snow density, SWE and temperature down 

through the snow pack and observe the presence of snow layers and ice lenses. Any 

differences between the composition of the snow pack in the forested and clearing 

areas could then be observed. 

3.4.3. Meteorological observations

There are no meteorological data recording stations within Heidal valley. 

Meteorological measurements were, therefore, recorded throughout both fieldwork 

periods using a Kestrel 3000 environmental meter, Tinytag loggers and a logging 

Kestral 4000. A Kestral 3000 is a combined electronic thermometer, anemometer and 

hygrometer in one handheld instrument. It measures the current air speed, maximum 

air speed, average air speed, temperature, wind chill, relative humidity, heat index 

and dew point. Readings of these variables were recorded every half an hour 

throughout the duration of each transect snow survey on both the pre-melt and mid-

melt trips. Tinytag Extra TGX-3580 loggers record temperature and relative humidity  

at a specified time interval ranging from 1 second to 10 days. Between the 2nd and 3rd 

of March during the first pre-melt trip, tinytag loggers were fixed along snow survey 

transects 1 (sunny side) and 2 (shady side), and set to record temperature and relative 

humidity data every 30 minutes until their removal at the end of the second mid-melt  

field trip between the 23rd and the 27th April. Five Tinytags were fixed along transect 

1 (sunny side) and five along transect 2 (shady side) in alternating clearing/open and 

forest areas at varying elevations, their locations are shown in Figure 3.10. A Kestral 

4000 pocket weather tracker allows instant accurate readings of the current wind 

speed, temperature, wind chill, relative humidity, heat index, dew point, wet bulb 

temperature, barometric pressure and altitude. Throughout the mid-melt field period 

from 22nd April to the 2nd May April 2010, a Kestral 4000 located at the valley 

bottom in a cleared area at the base of transect 2 was set to record these variables 

every 30 minutes. The Kestrel 4000 was newly purchased and therefore calibrated 

with the performance verified by the manufactures a relatively short time period 
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prior to the fieldwork. The logging Tinytags were, therefore, calibrated to the logging 

kestrel by comparing the temperature and relative humidity readings over a twenty 

day period post fieldwork from the 10th to the 29th May 2010 in indoor conditions. 

The relationship between the logging Kestrel and each Tinytag over the calibration 

period was then used to correct the fieldwork dataset of each Tinytag individually 

before analysis of the recorded climate data. The comparison and calibration graphs 

can be found in Appendix B. The result of calibration of the Tinytag loggers to the 

same instrument (Kestral 4000) is that the differences in measured temperature and 

relative humidity between the different Tinytag loggers are relative and therefore can 

be attributed to landscape change. The measured change in climate along the snow 

survey transects is important in determining the relationships between snow and the 

landscape, especially in Heidal valley due to the significant sharp increase in 

elevation. 

3.4.4. Secondary Data Collection

Topography

The ASTER (Advance Spaceborne Thermal Emission and Reflection Radiometer) 

Global Digital Elevation Model (GDEM) is available to download electronically 

from the Earth Remote Sensing Data Analysis Centre (ERSDAC) website (http://

www.gdem.aster.ersdac.or.jp/). Each tile of the ASTER GDEM covers a 1 degree by 

1 degree area, and the tile covering the Heidal valley was downloaded to give a 31m 

resolution DEM of the transect study locations and surrounding area. No missing 

data exists along the snow survey transects, but missing data in other areas of the 

DEM are interpolated using a least squares approach which does not alter known 

values. The interpolated DEM is shown in Figure 3.11 with the snow survey transect 

locations identified and, in addition, the location of the nearest meteorological 

stations.
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Figure 3.11: Heidal topography and location of meteorological 
stations. Tile of ASTER GDEM (ERSDAC) 31m resolution, missing 
data interpolated 

Curvature was not calculated from the DEM because the 31m spatial resolution is 

too large to capture the smaller scale topographic hollows which result in snow 

variation. Larger scale variations in topography, such as the dramatic elevation 

change of the steep valley sides, are identified from the DEM, enabling 

relationships between measured snow cover and the topography to be analysed.

Meteorological data

Limited meteorological data from the stations surrounding Heidal valley (Figure 

3.11) are available from the Norwegian Meteorological Institute (Norwegian 

Meteorological Institute, accessed 2010). The four closest stations to Heidal valley 
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(Hovringen, Sjoa, Vagamo and Grov-Solhaug) have precipitation data only, with the 

remaining stations recording limited climate variables for limited periods of time. 

The closest station with the least limited data is Skabu which records wind direction, 

wind speed, cloud cover, air pressure, precipitation, temperature and relative 

humidity. Skabu is located approximately 30km south of Heidal valley in a different 

valley, and therefore has a different local climate to Heidal valley. Relationships 

between snow cover, landscape and climate are therefore analysed using the 

meteorological data collected in the field and representative of the local climate. 

The empirical and secondary data collected at Heidal valley of topography, 

vegetation, climate and snow is analysed to determine relationships between snow 

cover and the landscape and gain a greater understanding of the snow model 

processes. The differences in topography, vegetation type and density and landuse 

between Abisko and Heidal valley allow for a wider understanding of the 

relationships between snow and the landscape.

3.5. Model application in Greenland

3.5.1. Current site description

3.5.2. Model site locations

Having established relationships between snow, the landscape and human 

interactions in the current climate through empirical and secondary data collection at 

Abisko and Heidal valley, the range of variation in snow cover as a result of past 

climate change is modelled across the Norse Eastern Settlement in southwest 

Greenland (Figure 2.4). Climate has been identified as a potential driver of 

transformative change in medieval Norse Greenland through impacts on the balance 

between terrestrial and marine provisioning and conjuncture of unfavourable climate 

in the 15th century, but the variations in snow on a scale relevant to human 

experience have not been quantified. Given the importance of snow to sub-arctic 

communities, it is likely that variations in snow outside of human experience could 

drive transformative change in SESs. The Norse Greenland case is a useful example 
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for studying the impact of snow as it provides a ‘completed experiment’ where not 

only the variations in snow, but also the response of the SES, can be analysed over a 

long time scale of hundreds of years. 

 Multiple areas of a size 6.4km by 6.4km are modelled across the Eastern 

Settlement covering key Norse ruin groups including Sandhavn to the south, as 

shown in Figure 3.12. For identification purposes within this thesis the model areas 

are labelled A to T, with each area encompassing multiple Norse ruin groups which 

each have a standard Danish reference number. The model area size is chosen to 

encompass both the Norse farm homefields and outer shielings, and a large 

proportion of the farm watershed, without being so large as to limit model runs due 

to time constraints.
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Figure 3.12: Modelled areas (A to T) and key Norse settlement sites. 
(Basemap source: Google Earth, 2011).

Within the scope of this thesis it is not possible to run the model over the entire 

Eastern Settlement due to the time constraints of running a physically based, high 

resolution distributed model over a very large area. The areas modelled are chosen in 

collaboration with archeologists (pers.comm., Christian Madsen, Poul Baltzer Heide, 
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Ian Simpson) to coincide with archaeological sites where research continues into 

Norse interactions with the landscape, the results of which can be integrated with the 

snow model outputs. Logistically, it was not possible as part of this thesis to collect 

empirical data at the Norse settlement sites in southwest Greenland. High resolution 

secondary data are therefore required for model input and driving data, and model 

calibration and validation. 

3.5.3. Secondary data

Topography

A 25m resolution DEM for southern Greenland created from scale 1:150,000 

precision scanned aerial photographs from July and early August 1985 was obtained 

courtesy of Niels Korsgaard and Kurt Kjaer (Kjaer et al., 2012; Bjork et al., 2012), 

illustrated in Figure 3.13. The vertical uncertainty of the DEM calculated using 6014 

ATM sample points on stable bedrock terrain with a slope of less than 20 degrees, 

was determined to be σ 5.5m with a bias of 1.5m (Kjaer et al., 2012 supplementary 

materials; pers.comm., Niels Korsgaard). 
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Figure 3.13: 25m spatial resolution Digital Elevation Model (DEM) of 
south west Greenland. Source: Niels Korsgaard and Kurt Kjaer (Kjaer 
et al., 2012).

Sections of the DEM of size 6.4km by 6.4km (256 x 256 columns and rows of spatial 

25m resolution DEM) are cut to form the base DEM for each snow model area. It is 

noted that some sections of the DEM are of lower quality, especially around low 

lying coastal areas where land and sea level are of similar elevations and sea ice 

exists. The DEM with model areas identified for the Eastern Settlement is shown in 

FIgure 3.14.
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Figure 3.14: 25m resolution Digital Elevation Model (Source: Niels 
Korsgaard and Kurt Kjaer, Kjaer et al., 2012 ) and snow model areas 
(red squares). (Basemap from Google Earth, 2011). Note the model 
area at Sandhavn is not shown in this figure.
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Vegetation height

Vegetation height data are not available for the medieval time period of Norse 

existence in Greenland, therefore vegetation heights derived from current data are 

used in the numerical snow model. Vegetation heights are calculated from 30m 

resolution Landsat satellite imagery for southwest Greenland (Landsat ETM+ 

satellite imagery, Landsat USGS). Two cloud free and majority snow free satellite 

images taken on the 23rd August 2001 and the 15th October 2002 together cover the 

entire Eastern Settlement including Sandhavn. Landsat ETM+ satellites (Enhanced 

Thematic Mapper) provide spectral bands 1 to 8 which range from visible to infrared 

wave lengths for each image. The 6.4km by 6.4km model areas are cut from the 

spectral bands 3 (red) and 4 (near infrared) which are used to calculate Normalised 

Difference Vegetation Index (NDVI) values as follows:

  NDVI = (band 4 – band 3) / (band 4 + band 3)

NDVI values range from 0 to 1, with higher values resulting from a greater 

reflectance of near-infrared radiation than red. Living vegetation absorbs light in the 

frequency range of band 3, but shows almost no absorption in the range of band 4, 

therefore a higher NDVI value indicates a greater density of vegetation. The cut 

NDVI value model area matrices are re-sized to match the number of rows and 

columns of the DEM cut matrices (256x256) using cubic interpolation, resulting in 

25m resolution NDVI value matrices. A direct relationship between vegetation height 

and NDVI values can be assumed because higher NDVI values indicate a higher 

biomass, and a higher mass, on average, indicates larger plants (Roettger, 2007). 

NDVI value thresholds are chosen, to which vegetation heights are assigned. The 

thresholds are determined by comparing NDVI values to landuse cover (vegetation, 

rock, water) observed in high resolution satellite imagery (Google Earth, 2011) 

available at Brattahlið, Garðar and Sandhavn. The vegetation heights assigned to the 

thresholds are determined from personal communication with researchers who have 

studied the Norse ruins within the modelled areas on-site and photographs of the 

areas (pers.comm., Christian Madsen, Andrew Dugmore). NDVI value thresholds 

and assigned vegetation heights are listed in Table 3.1.
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Table 3.1: NDVI thresholds and vegetation height assignment 

NDVI value thresholds Vegetation height (m)

NDVI < 0.15

0.15 < NDVI < 0.3

0.3 < NDVI < 0.4

NDVI > 0.4

0

0.05

0.15

0.30

Vegetation height errors occur when shadow exists on the Landsat Satellite image 

resulting in 0m vegetation height, often at the base of steep sided slopes. This will be 

considered at individual sites when assessing the spatial pattern of modelled snow 

cover, although the exact location of different vegetation heights is less important 

than understanding and quantifying the impact of varying vegetation height on snow 

cover. The final vegetation height distribution across each modelled area is displayed 

in Appendix C, with vegetation height across Garðar (model area E) displayed in 

Figure 3.15 as an example.

 

Figure 3.15: Vegetation height at Garðar (model area E) derived from 
NDVI values calculated from Landsat satellite bands. Basemap 
source: Google Earth, 2011.
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NDVI as a method of determining spatial vegetation cover can be tested at Abisko, 

where high resolution LiDAR data of vegetation height is available. NDVI values 

were calculated from Landsat satellite imagery obtained for the 20th August 2001, 

and a threshold of 0.4 was applied to identify tree (mostly birch tree) cover in the 

Abisko landscape. This threshold was determined by comparing the NDVI value 

distribution to Landsat satellite imagery of the area. Vegetation height derived from 

LiDAR data for heights above 2m is compared in Figure 3.16 to tree cover 

determined from NDVI values > 0.4. 

Figure 3.16: Vegetation height (>2m) derived from LiDAR first pulse data and 
NDVI (>0.4) derived vegetation cover. Darker shades of green in the NDVI 
image indicate higher NDVI values.

The NDVI derived vegetation cover matches the tree cover (where vegetation height 

is above 2m) from the LiDAR data, indicating that NDVI is a suitable method for 

determining vegetation cover where alternative data are not available.  

 It is recognised that the Norse cleared areas of scrub vegetation (Massa et al., 

2012) and that vegetation heights would have changed with variations in agricultural 

intensity and grazing, especially around the homefields and shieling areas. This is 

represented in the modelling through vegetation scenarios, in which the current 

vegetation height is varied in model runs enabling the impact on snow to be analysed 

and quantified. Vegetation scenarios are run at the key Norse settlement site of 

Garðar, where archaeological research can provide further insight into landuse 
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change and Norse activities. The vegetation heights assigned to the upper two NDVI 

thresholds are increased from 0.15m and 0.30m to 0.50m and 1.5m, respectively. The 

increased heights are chosen to represent shrubs and scrub based on personal 

communication with field archeologists. Again, the exact height of the vegetation is 

less important than quantifying the variation in snow as a result of the relative 

change in vegetation height. A comparison of the spatial distribution of vegetation 

height and modelled snow cover, and quantifying the impact of changes in vegetation 

height on snow, allows for an analysis of the potential impact of Norse landuse 

change on snow cover.

Current Meteorological data

Current meteorological data are available from the Danish Meteorological Institute 

(DMI) (Carstensen and Jorgensen, 2010) for stations across the Eastern Settlement as 

shown in Figure 3.17.
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Figure 3.17: Location of current DMI meteorological stations and 
data availability across the Eastern Settlement, and differentiation 
between inner and outer fjord climate for snow model input. 
(Basemap source: Google Earth, 2011).

Climate variables recorded at DMI stations are: air temperature; relative humidity; 

wind speed; precipitation; air pressure; wind direction; maximum air temperature; 

minimum air temperature; cloud cover and snow depth. DMI stations with the most 

extensive data records and closest to the modelled areas are identified. Narsarsuaq 

04270 is the only station in an inner fjord location, and has data available for all 
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climate variables from 1961 (1st January) to 2008 (1st October). Narsarsuaq 04270 is 

therefore used to represent the current climate at sites in inner fjord locations. 

Qaqortoq 04272 is in an outer fjord location and has data available for all climate 

variables from 1961 (1st January) to 2010 (31st December). Narsaq 04280 and 

Alluitsup 04282 are also in outer fjord locations but have limited data records 

(1958-1969 and 2006-2010, respectively). Qaqortoq 04270 is, therefore, used to  

represent the current climate of outer fjord sites. The model areas are categorised into 

inner or outer fjord sites as indicated in Figure 3.17, with the differentiating line 

drawn arbitrarily across the landscape due to a lack of alternative defining 

information. In reality, the climate is likely to shift gradually from an outer fjord to 

inner fjord climate, but it is not possible to simply average the climate variables to 

give a mid-fjord climate because averaging reduces the variability and range of the 

climate. Simulating a more complex shift is beyond the scope of this thesis, and 

would not be appropriate given that the past Greenland climate is simulated as 

scenarios using the output from a global climate model that covers the entire Eastern 

Settlement and is already downscaled to match the three DMI stations. 

 The closest DMI stations to Sandhavn further south on the coast are Angisoq 

04285 and Nanortalik 04283. Nanortalik 04283 has data available for all climate 

variables from 1961 (1st Jan) to 1985 (31st October), and also for all variables with 

the exception of precipitation, snow depth and cloud cover from 2005 to 2010 

(although with gaps of missing data). Angisoq 04285 has data available for all 

climate variables from 1964 (5th September) to 1973 (21st December), and also for all 

climate variables with the exception of precipitation, snow depth, air temperature 

maximum and minimum and cloud cover from 1981 to 2010. Nanortalik 04283 has a 

longer time period of continuous data for all climate variables and whilst it is located 

further north than Sandhavn, it is located in an outer fjord location unlike Angisoq 

which is on an island, therefore Nanortalik 04283 is used to represent the current 

climate at Sandhavn. Each climate variable recorded at Narsarsuaq 04270, Qaqortoq 

04272 and Nanortalik 04283 is shown in Appendix D. 
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 The current meteorological data are used to run the snow model at a point to 

test the model snow depth output against the measured snow depth at each DMI 

station. To run the model, the current climate variables which are recorded at 

approximately 6 to 12 hour intervals are converted to continuous hourly data. All 

variables except precipitation and snow depth are interpolated using a spring 

metaphor method in which the original data values and range of original data are 

unaltered (see Section 3.3.3). Snow depth is not interpolated because it is used to test 

the model output, not as model input. Precipitation could not be interpolated using 

this method because each raw data value is the sum precipitation since the previous 

recorded value over varying time periods of 6, 12 and 14 hours. Interpolation 

therefore evenly divided the sum precipitation between the preceding hours up to the 

prior measurement. Once interpolated, precipitation was defined as rain or snow 

according to a threshold temperature of 2ºC, which is generally considered an 

appropriate ground temperature to distinguish between rain and snow (pers.comm., 

Richard Essery; John Pomeroy). Radiation data are not recorded at DMI stations, 

therefore incoming shortwave and longwave radiation is calculated (according to the 

method described in Liston and Elder, 2006, p225) using the following data: wind 

speed, cloud cover, snow precipitation, rain precipitation, relative humidity, 

maximum air temperature, minimum air temperature, relative humidity and air 

pressure, site elevation and latitude (pers.comm., Richard Essery).

 The current climate data are analysed to compare the differences in climate 

between inner fjord, outer fjord and more southerly coastal locations over the 

common time period of data availability from 1961-1985.  The differences in the key 

climate variables influencing snow cover (precipitation, temperature and wind speed) 

are plotted in Figures 3.18 to 3.20.
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Figure 3.18: Current climate DMI monthly sum precipitation at inner 
fjord, outer fjord and south coast locations across the Eastern 
Settlement

Outer fjord locations experience higher precipitation in both the summer and winter 

months relative to the inner fjord locations. This is also reflected in the 1961-1990 

averages for DMI stations, and it is expected that precipitation decreases going from 

the coast up the fjords towards the ice sheet (Cappelen et al., 2001). The southern 

coastal location experiences more precipitation relative to the inner fjord location, 

but less precipitation than the outer fjord location further north. Due to the extreme 

conditions experienced in Greenland such as the high wind speeds, lack of shelter 

and large amounts of snow, the recording of precipitation in Greenland will always 

be subject to considerable elements of uncertainty (Cappelen et al., 2001).
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Figure 3.19: Current climate DMI monthly mean temperature at inner 
fjord, outer fjord and south coast locations across the Eastern 
Settlement

Southern coastal locations experience less variation in annual temperature, with 

warmer winters and cooler summers relative to the inner and outer fjord locations. 

Inner fjord locations experience warmer summers and cooler winters than both the 

outer fjord and coastal southern locations. 

Figure 3.20: Current climate DMI monthly mean wind speed at inner 
fjord, outer fjord and south coast locations across the Eastern 
Settlement
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Southern coastal locations experience higher wind speeds in both summer and winter 

relative to the inner and outer fjord locations. Outer fjord locations experience higher 

wind speeds in the summer, but lower wind speeds in the winter relative to inner 

fjord locations. The current climate data are used to correct the large scale modelled 

past climate data to reflect local climate at inner fjord, outer fjord and more southern 

coastal locations with differing climates. 

Modelled past meteorological data

Proxy climate data for medieval Greenland are available, and discussed in Chapter 2 

of this thesis. Local southwest Greenland proxy records, however, are not available 

and ice core data do not translate to the climate variables required for modelling 

snow. Regional synthesis of proxy data (such as Mann et al., 2009, Jukes et al., 2006, 

and Christiansen and Ljungqvist, 2012) tend to smooth the data as they combine 

proxies of different resolutions, which not as useful when extremes of climate are of 

crucial interest. In addition, abrupt changes such as the 1258 volcanic event can lead 

to missing data in proxy records, such as missing tree rings in the dendrochronology 

records which would be crucial for extreme climate data (Mann et al., 2012). 

 A Global Climate Model (GCM) named HadCM3 has been used to simulate 

climate data from AD 1000 to present, with a spatial resolution of 2.5 degrees 

latitude and 3.75 degrees longitude and a daily temporal resolution (Schurer et al., 

submitted). This climate model presents a higher spatial and temporal resolution 

dataset than the proxy records, with climate variables that translate into snow model 

inputs and a range of climate that includes extreme events. The data has been 

provided for use in this thesis courtesy of Gabi Hegerl and Andrew Schurer. The 

GCM includes a number of climate scenarios based on a variety of forcings from 

solar variations to volcanic eruptions. The GCM dataset used for snow modelling 

across Greenland in this thesis is the all forcings scenario, which is expected to 

reflect the actual climate of the time period. One GCM grid cell covers the entire 

Eastern Settlement in Greenland (including Sandhavn in the far south), and the data 

from this grid cell is extracted for further analysis and processing. The GCM data for 

the current climate is compared and corrected to the current three DMI 
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meteorological station datasets to give three localised sets of GCM data. The 

comparison time period is dictated by the availability of the current DMI data, with 

comparison to Narsarsuaq 04270 and Qartortoq 04272 from October 1961 to June 

1998, and to Nanortalik 04283 from October 1963 to September 1985. The monthly 

mean of each DMI and GCM climate variable is compared, with the exception of 

precipitation and snow depth for which the monthly sum is compared, as there is too 

much noise in daily data which obscures comparison relationships. The GCM data 

are in the format of 360 day years and 30 day months, therefore the DMI data are 

converted to 30 day months for comparison only. The raw DMI uninterpolated data 

(with outliers removed) is used for the comparison as only monthly means are 

required, with the exception of precipitation for which the interpolated data are used 

to give a monthly sum. The common variables compared are: mean temperature; 

minimum temperature; maximum temperature; wind speed; relative humidity; air 

pressure; rain precipitation and snow precipitation, with longwave and shortwave 

radiation generated from the DMI data to compare to GCM data. For each variable, a 

linear regression is plotted between the DMI and GCM data to observe any 

correlation, and the DMI/GCM monthly mean ratio is calculated to give a monthly 

correction factor for each month of the year. An example DMI/GCM (uncorrected) 

comparison, regression and difference plot is shown in Figure 3.21 for monthly mean 

temperature at Narsarsuaq (inner fjord). 
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Figure 3.21: Current climate comparison of DMI (Narsarsuaq) and GCM 
(uncorrected) mean monthly temperature from 1961-1998

The GCM daily data are then multiplied by the corresponding monthly correction 

factor for both the current comparison period and the past data from AD 1000 - 1500. 

The monthly correction ratios for snow precipitation in the summer months are 

manually altered because some years have snowfall in June whereas others have no 

snowfall, and this results in unfeasible correction ratios. For wind speed, however, 

the GCM data are significantly lower than the DMI data, most likely due to the lack 

of GCM simulated katabatic winds. To correct wind speed, two different trial and 

error derived multiplication factors are applied to GCM wind speed values above and 

below the GCM mean wind speed. This method is also used for relative humidity, for 

which there is also a significant difference between the DMI and GCM data, after 
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different monthly ratio correction. Shortwave radiation data are not corrected as there 

is no significant difference between the two datasets, both of which are modelled 

data. The corrected monthly GCM plotted against the DMI current data are displayed 

in Appendix E, with an example DMI/GCM (corrected) comparison, regression and 

difference plot shown in Figure 3.22 for monthly mean temperature at Narsarsuaq 

(inner fjord) . 

Figure 3.22: Current climate comparison of DMI (Narsarsuaq) and GCM 
(corrected) mean monthly temperature from 1961-1998

After correction to local climate, the GCM daily data are temporally downscaled to 

give hourly data for model input (pers.comm., Richard Essery; Liston and Elder, 

2006). Precipitation rate, wind speed, relative humidity and air pressure are assumed 
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to remain constant throughout the day, therefore the hourly data values match the 

daily data values. The model distributes the wind direction according to the local 

topography so it is further localised (Liston et al., 2007). Shortwave and longwave 

radiation and temperature are downscaled to hourly data using the latitude of the site 

and a sine curve and linear interpolation method (Waichler and Wigmosta, 2002). To 

validate the localised correction of the GCM dataset, the daily GCM corrected data 

are plotted against the daily DMI data, and any significant differences in daily 

magnitude are observed. Corrected current GCM air pressure, temperature (max, 

mean and min), longwave radiation and shortwave radiation (the latter required no 

correction) variables all closely match both the current daily and monthly DMI data 

at each local climate station. The GCM corrected AD 1000 - 1500 data for these 

variables can therefore be used to represent the local Greenland climate with 

confidence. Differences in rain and snow precipitation, relative humidity and wind 

speed are observed between the corrected GCM and DMI daily data, plotted in 

Appendix E alongside the monthly data. The GCM data does not include katabatic 

winds which significantly influence snow distribution across the landscape, and 

precipitation is notoriously difficult to simulate in GCM models relative to variables 

such as temperature. For use in the numerical snow model, therefore, precipitation 

and corresponding relative humidity data and also wind speed are sourced from the 

current DMI dataset. The corrected GCM current monthly data matches the DMI 

current monthly data, it is the daily variation that is not captured accurately. For 

precipitation, relative humidity and wind speed, therefore, the years of current DMI 

data chosen to use in the numerical model are those in which the monthly and annual 

variables match the monthly and annual variables of the GCM year being modelled. 

Wind direction GCM data are not available and are required as model input, so wind 

direction from the three DMI meteorological stations for the corresponding wind 

speed years is used with the assumption that the present prevailing wind direction is 

the same as the past.

 Due to time constraints the model is not run using the AD 1000 - 1500 

continuous GCM corrected hourly data set, in addition the GCM data are not an 
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accurate representation of any specific day modelled. Rather than assess the accuracy 

of the GCM data, which is not within the scope of this thesis, a number of different 

climate scenario years are selected from the AD 1000 - 1500 range to represent 

various climate conditions experienced by the Norse Greenlanders. 

Past climate scenarios

The key climate variables that impact snow distribution and melt are temperature, 

snowfall and wind speed. The climate scenarios modelled in this thesis, therefore, 

focus on the effects of varying these climate variables on snow cover. The GCM data 

for AD 1000-1500 corrected to local climate DMI data are presented in Figures 3.23 

to 3.25 for the key climate variables.  

Figure 3.23: GCM AD 1000-1500 temperature data, corrected to 
inner fjord, outer fjord and south coast local DMI climate stations
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Figure 3.24: GCM AD 1000-1500 snowfall data, corrected to inner 
fjord, outer fjord and south coast local DMI climate stations

Figure 3.25: GCM AD 1000-1500 wind speed data, corrected to inner 
fjord, outer fjord and south coast local DMI climate stations
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Three key time periods are initially chosen for climate scenario analysis based on the 

scientific context of climate variability, GCM climate variation, and the 

archaeological context of Norse human ecodynamics. AD 1000 - 1100 is chosen to 

represent the climate experienced during initial settlement and establishment of the 

Norse society (hereafter referred to as the ‘initial settlement’ period). AD 1100 - 1300 

and AD 1300 - 1500 represent periods of increased and extreme climate variability, 

with the Norse surviving through the former, but abandonment occurring in the latter. 

To simulate the range of climate (model input) and resulting snow cover (model 

output) experienced by the Norse in each time period, the 10 most favourable and 

most unfavourable years potentially experienced in each time period are identified. 

The favourable scenario is made up of the 10 warmest mean annual temperature 

years and the 10 years with the lowest annual and spring precipitation sum. The 

unfavourable scenario is made up of the 10 coldest mean annual temperature years 

and the 10 years with the highest annual and spring precipitation sum. Favourable 

years in the context of this thesis are considered those with the least snow cover, and, 

conversely, unfavourable years are those with the greatest snow cover. It may have 

been that in warm years when spring precipitation is more likely to fall as rain not 

snow, years with high rain precipitation would have been more favourable. The focus 

of this thesis and model output analysis, however, is on the impact of snow and 

therefore years with low precipitation, especially in the spring months, are 

considered favourable in the context of reduced snow cover. For each scenario time 

period, DMI precipitation and corresponding relative humidity data are selected for 

10 years with similar annual and spring precipitation as the GCM 10 highest annual 

and spring precipitation years and the GCM 10 lowest precipitation years. Similarly, 

DMI years with similar mean annual wind speeds as the 10 highest and lowest GCM 

years for each time period are selected, with corresponding wind direction data. For 

each wind speed scenario year, corresponding wind direction data are plotted to 

check for errors and only the years with good quality wind direction data are used. 

The GCM temperature, precipitation and wind speed scenario ten extreme climate 
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years identified in the GCM AD 1000-1500 record for the time periods AD 

1000-1100, AD 1100-1300 and AD 1300-1500 are detailed in Appendix F.

 For model input, the GCM data of the 10 warmest temperature years (with 

corresponding radiation and air pressure data) and DMI data representative of the 10 

lowest precipitation years, with corresponding relative humidity is combined. The 

precipitation data are split into snow and rain based on the hourly GCM temperature 

data for each scenario, with a threshold of 2ºC. The DMI data representative of the 

10 highest wind speed years and corresponding wind directions are used for all the 

initial climate scenarios, because they are most representative of the katabatic winds 

experienced across the Eastern Settlement, which are not simulated in the GCM data. 

The low and high wind speed scenarios are analysed in the following section, 

however, to understand the GCM simulated relative change in wind speed range that 

occurs throughout the AD 1000-1500 period. In addition, a low wind speed scenario 

is modelled at the key Norse settlement site Brattahlið, firstly with grassland 

vegetation height (0.2m) on the homefields and secondly with scrub vegetation 

height (1.5m), to quantify the effect of varying wind speed on snow cover in 

different vegetation heights. The climate scenarios are summarised in Tables 3.2 - 3.4 

as the 10 year mean temperature, annual sum precipitation, and mean annual wind 

speed of each scenario for the three localised datasets. The favourable scenarios are 

outlined in red, and the unfavourable in blue. Plots of the data are presented in the 

results section of this thesis and used to analyse the snow model outputs.

Table 3.2: Favourable (red) and unfavourable (blue) localised climate 
temperature scenarios in three time periods as 10 year annual mean 
temperature (ºC) (GCM data)

Climate Scenario Time Period Inner fjord Outer fjord Southern coast

Favourable

Unfavourable

AD 1000 - 1100 3.2 3.0 3.9

AD 1100-1300 4.3 3.4 4.3

AD 1300-1500 3.1 2.9 3.8

AD 1000 - 1100 -0.4 -0.6 -0.2

AD 1100-1300 -0.5 -1.4 -0.5

AD 1300-1500 -1.4 -1.6 -0.8
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Annually, the outer fjord location experiences the coldest temperatures, and the 

coastal southerly location the warmest temperatures. The maximum temperatures 

experienced in the AD 1000-1100 and AD 1300-1500 time periods are similar, 

indicating that extreme warm years were experienced from settlement through to 

abandonment. The minimum temperatures experienced are 1 degree colder in the 

abandonment period AD 1300-1500 than in the initial settlement period AD 

1000-1100. The minimum temperatures experienced in the survival AD 1100 - 1300 

time period are generally similar to those experienced in the abandonment AD 

1300-1500 period, indicating that the coldest years experienced in the initial 

settlement period where not as cold as the extremes experienced from AD 1100 

onwards. 

Table 3.3: Favourable (red) and unfavourable (blue) localised climate 
precipitation scenarios in three time periods - 10 year annual sum 
precipitation (mm) (DMI data)

Climate 

Scenario

Time Period Inner fjord Outer fjord Southern coast

Favourable

Unfavourable

AD 1000 - 1100 791 1,147 799

AD 1100-1300 780 1,121 754

AD 1300-1500 753 1,082 737

AD 1000 - 1100 1,155 1,715 1,174

AD 1100-1300 1,231 1,769 1,278

AD 1300-1500 1,259 1,805 1,407

The highest precipitation is experienced at the outer fjord location, and the lowest 

precipitation at the inner fjord location. Precipitation in the maximum extreme years 

increases with time, so that the highest annual precipitation is experienced in the 

abandonment AD 1300 - 1500 period. The maximum annual precipitation is 

approximately 100mm greater in the abandonment AD 1300 - 1500 time period 

relative to the AD 1000 - 1100 initial settlement time period. The minimum extreme 

precipitation experienced is also lowest in the abandonment AD 1300 - 1500 time 
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period, indicating that the greatest range in precipitation was experienced in this 

abandonment period.

Table 3.4: Minimum (red) and maximum (blue) localised climate wind 
speed scenarios in three time periods - 10 year annual mean wind 
speed (m.s) (DMI data)

Climate 

Scenario

Time Period Inner fjord Outer fjord Southern coast

Minimum

Maximum

AD 1000 - 1100 2.9 3.1 4.7

AD 1100-1300 2.8 2.9 4.6

AD 1300-1500 2.9 3.0 4.6

AD 1000 - 1100 3.7 4.0 5.1

AD 1100-1300 3.7 4.1 5.4

AD 1300-1500 3.8 4.2 5.4

The highest annual average wind speeds are experienced in the southernly coastal 

locations, with the lowest wind speeds experienced in the inner fjord locations. 

Maximum average annual wind speeds increase with time, with the highest wind 

speeds experienced in abandonment period AD 1300 - 1500. Minimum extreme 

annual wind speeds do not significantly change from Norse initial settlement to 

abandonment. 

 The Norse experienced the greatest range of extreme temperatures, 

precipitation and wind speeds in the survival and abandonment AD 1100 - 1500 

periods relative to the settlement AD 1000 - 1100 period, with greater maximum 

precipitation extremes, colder minimum temperature extremes and higher maximum 

wind speed extremes. The GCM climate variability is analysed (pers.comm., Scott 

Ingram and Andrew Dugmore; Hegmon et al., forthcoming 2013) and discussed in 

greater detail in terms of magnitude, duration, intensity and frequency of extreme 

climate periods in Chapter 7 of this thesis, to understand how often and for how long 

the extreme periods of snow cover modelled may have occurred. The climate 

scenarios are also plotted in greater detail alongside the snow model outputs in the 

results section of this thesis, enabling analysis of the modelled snow output 
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variability alongside the driving climate variability input into the model. The snow 

model is run for the 10 year time period of each climate scenario, with the output 

summarised for analysis as the ten year monthly average number of snow covered 

days and snow depth at a 25m spatial scale. By analysing the ten year monthly 

average for each time period, the annual variability is smoothed allowing the 

comparison of model output snow cover between scenarios, whilst providing an 

average unfavourable and favourable snow cover experienced by the Norse in each 

time period. It is not possible to calibrate nor validate the model for AD 1000 -1500 

in south west Greenland as there are no snow data measurements for this period, and 

therefore any model outputs would have unquantifiable uncertainty and errors. 

Calibration and validation of the model, however, is possible for both current south-

west Greenland sites and additional sites at Reynolds Creek, Idaho, Col de Porte, 

France and Abisko, Sweden. Calibration and validation enables the quantification of 

errors associated with the model output to be calculated, and therefore the model 

output for medieval Greenland can be presented with a degree of certainty. 
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Chapter 4

Snow Model Calibration and Validation

4.4

4.1. Approach and definitions

The numerical snow model is calibrated and validated at sites and in time periods 

when snow data measurements and input model data are available. Calibration is the 

process of defining a set of parameter values that minimize the model prediction 

errors in relation to available measured data (Tolson and Shoemaker, 2007a). 

Validation is the process that demonstrates a site-specific model is able to make 

sufficiently accurate predictions (Refsgaard, 1997). Where multiple years of snow 

and meteorological data are available at a point (i.e. a meteorological station) in Col 

de Porte, France, and Reynolds Creek, Idaho, (see Figure 3.3), the parameter values 

in the melt section of the snow model (see Figure 3.5) are calibrated and the impacts 

of parameter value spatial and temporal transfer are analysed. In addition, analysis of 

the ability of the model to simulate snow in extreme years is completed, and a 

comparison is made to a simpler melt model to justify the use of an energy balance 

model to simulate snow melt. In the context of the model analysis at Col de Porte 

and Reynolds Creek, the melt model parameter values are calibrated and point model 

outputs validated at three DMI stations across the Eastern Settlement in southwest 

Greenland (Narsarsuaq, Qaqortoq and Nanortalik, Figure 3.17). The distributed snow 

model with calibrated melt parameter values is then validated using Landsat satellite 
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imagery for the model areas across the Eastern Settlement in Greenland. In addition, 

the ability of the model to simulate the magnitude of the snow pack immediately 

prior to melt and snow distribution across the landscape is analysed at Abisko, 

Sweden, where empirical measurements of snow are available. The aim is to 

calibrate the model to improve performance, understand the impact of temporal and 

spatial parameter value transfer, calculate the model output errors, and assess model 

performance across the Eastern Settlement in the current climate so that snow model 

output in the medieval Norse climate can be presented with a degree of certainty. 

4.2. Melt model calibration and analysis at Col de Porte and 

Reynolds Creek

4.2.1. Point melt model calibration - methodology

High resolution snow depth and SWE measurements alongside hourly 

meteorological data for point model input are obtained for two sites, with the aim of 

understanding the impacts of parameter value spatial and temporal transfer. This is 

important because parameter values calibrated in the current climate and at localised 

sites in south-west Greenland are used in modelling past climates across the regional 

Eastern Settlement landscape. Hourly meteorological data are available at Col de 

Porte, France, from 2005 to 2010, alongside weekly snow depth and SWE 

measurements from snow pit observations (Morin et al., 2012). Col de Porte is a 

mid-altitude mountain site at 1325m.a.s.l. in the Chartreuse mountain range (45.3ºN, 

5.77ºE), with the experimental site located in a grassy meadow surrounded by 

coniferous forest (Morin et al., 2012). At Reynolds Creek in the Owyhee Mountains, 

southwest Idaho, hourly meteorological data and SWE snow pillow data are 

available from 1983-2008, with hourly snow depth measured by a sonic sensor 

(SR50) from 1996 (Marks et al., 2001). The data are collected in a sheltered area of 

Reynolds Mountain East catchment located within the Reynolds Creek Experimental 

Watershed  (43º11’9.6’’ N, 116º46’58.9’’ E), which is a small headwater catchment 
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that ranges in elevation from 2028 to 2137m.a.s.l. with patchy fir, aspen and 

sagebrush vegetation (Marks et al., 2001). 

 The point melt model contains 18 parameters for potential calibration and a 

previous sensitivity test has identified 11 parameters as the most influential for 

calibration (written.comm., Richard Essery, unpublished report). The sensitivity test 

involved varying each parameter value in turn and plotting the Root Mean Square 

Error (RMSE) in SWE for Col de Porte and an additional site in Sodankyla, Finland. 

RMSE is calculated as follows:

 SQRT(SUM((modelled SWE - observed SWE 2))/number of points)

The site Sodankyla is not used for further model analysis in this thesis because the 

meteorological data are collected above a dense forest canopy, whereas the snow data 

are measured from below the forest canopy, which are two very different local 

climates. Analysis of the sensitivity test results indicated that an additional parameter 

could also be calibrated, and therefore 12 parameters are considered in the 

calibration analysis in this thesis. The parameter default values and calibration 

boundaries have been selected by consideration of the parameter values in widely-

used and well documented snow models, or snow modules in land-surface models 

(written.comm., Richard Essery, unpublished report). The parameters calibrated and 

their default values and calibration bounds are detailed in Table 4.1 (written.comm., 

Richard Essery, unpublished report).
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Table 4.1 Point model calibrated parameters - default values and 
parameter bounds. Source: written.comm., Richard Essery, 
unpublished report Table 1. 

Parameter Default Lower limit Upper limit

αfs
αmin

Smin

τc
τm

dmask

fclay

fsand

z0s
ρnew

aλ
Slcap

0.85 0.8 0.9
0.5 0.4 0.6
10 1 20

3000 1000 4000
100 50 200
0.02 0.01 0.2
0.25 0 0.75
0.25 0 0.75
0.001 0.0001 0.1
100 50 150

0.0001 0.0001 0.0006
0.05 0 0.1

where:
αfs = fresh snow albedo
αmin = minimum albedo of aged snow
Smin = minimum snowfall to refresh albedo (kg m-2)
τc = cold snow albedo decay time (h)
τm = melting snow albedo decay time (h)
dmask = snow masking depth (the specified depth of snow where surface elements are 
assumed to be covered by snow and the surface albedo changes from the albedo of 
land to that of snow) (m)
fclay = clay fraction soil parameter 
fsand = sand fraction soil parameter 
z0s = snow surface roughness length (m)
ρnew = fresh snow density (kg m-3)
aλ = snow conductivity linear parameter (WmK-1 kg-1)
Slcap = maximum liquid fraction in snow 

Initial calibration of the point melt model has previously been conducted by 

randomly selecting parameter values for 11 parameters over 10,000 iterations at Col 

de Porte (written.comm., Richard Essery, unpublished report). Due to the multiple 

calibration runs required to analyse the impact of spatial and temporal parameter 

value transfer on model performance in this thesis, an automatic optimisation 

algorithm called Dynamically Dimensioned Search (DDS) (Tolson and Shoemaker, 

2007b) is considered for further calibration. DDS is designed for calibration 

problems with many parameters (10 or more), requires no algorithm parameter 
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tuning and automatically scales the search to find good solutions within the 

maximum number of user-specified model evaluations (iterations) (Tolson and 

Shoemaker, 2007a). DDS calibrates a model by reducing the number of parameters 

being altered with increased iterations, rather than reducing the parameter bounds. 

The model performance in each iteration is assessed by calculating an objective 

function, which is a function of the difference between the modelled variable and 

measured variable. Each iteration, DDS aims to minimise the objective function with 

the ‘favourable parameter value set’ output as the set with the lowest objective 

function. The objective function minimised in the DDS calibration in this thesis is 

the RMSE. The previous random parameter value calibration (pers.comm., Richard 

Essery) is repeated using DDS automatic calibration, and the RMSE between the 

measured SWE and modelled SWE for the favourable parameter value set output 

from each calibration is compared. The DDS calibrated parameter value set results in 

lower RMSE than the random calibrated parameter value set over only 1,000 

iterations at Col de Porte as shown in Table 4.2, and an even lower RMSE over 

10,000 iterations.

Table 4.2: RMSE in SWE (kg m-2) from point snow model at Col de 
Porte, with random calibrated parameter value set and automatic 
DDS calibrated parameter value set

Time period RMSE SWE (kg m -2)RMSE SWE (kg m -2)

Random calibration 

10,000 iterations

DDS automatic calibration

1,000 iterations

2005 - 2006
2006 - 2007

12.6 12.0
14.8 13.6

The DDS algorithm identifies parameter value sets which result in smaller 

differences between measured and modelled snow over fewer iterations than random 

calibration, and is therefore used to calibrate the numerical snow model in this thesis. 

The number of iterations suitable for DDS calibration is considered to be 1,000 due 

to the time constraints of running multiple calibrations, and given that RMSE errors 
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are lower than those produced by 10,000 random calibration iterations. Parameter 

values are set to their default at the start of each calibration. 

 Since both SWE and snow depth data are available, the model can be 

calibrated to reduce RMSE in both SWE and snow depth output compared to 

measured data. SWE and snow depth are measured in different units, kg m-2 and m 

respectively, and therefore cannot simply be averaged into one objective function for 

DDS to minimise without weighting the calibration towards SWE with higher 

magnitude values. Normalised RMSE, therefore, is used as the objective function 

and is calculated as follows:

 normalised RMSE = RMSE/(Variable observed max - Variable observed min)

The normalised RMSE is calculated individually for SWE and snow depth, and the 

average of the individual errors used as the objective function each iteration. 

4.2.2. Point melt model calibration - results

The point snow model is calibrated to measured snow depth and SWE at Col de 

Porte (CdP) and Reynolds (REY) for varying time periods of 1, 5, 10 and 25 years.  

The modelled SWE and snow depth output using the calibrated parameter value sets 

and also using the default parameter value sets are plotted in Figures 4.1 to 4.4 for 

one year and five years at CdP and REY to illustrate the difference in model 

performance as a result of calibration. 
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Figure 4.1: One year calibrated and default parameter value modelled snow 
depth and SWE outputs plotted against measured data, at Col de Porte 
2009-2010

Snow depth and SWE are simulated with low errors with both the default and 

calibrated parameter values. The magnitude of the peak SWE and snow depth is 

better simulated with the calibrated parameter values as the default parameter values 

simulate a higher magnitude snow depth than measured.

Figure 4.2: One year calibrated and default parameter value modelled snow 
depth and SWE outputs plotted against measured data, at Reynolds Creek 
2007-2008

METHODOLOGY: Chapter 4 Snow Model Calibration and Validation

95



Snow depth and SWE are simulated with low errors with both the default and 

calibrated parameter values. The magnitude of the peak SWE and snow depth is 

simulated well with both default and calibrated parameter values. The melt rate and 

timing of the disappearance of snow, however, is better simulated with the calibrated 

parameter values, with the default parameter values simulating a longer time over 

which the ground is snow covered.

Figure 4.3: Five year calibrated and default parameter value modelled snow 
depth and SWE outputs plotted against measured data, at Col de Porte 
2005-2010

Figure 4.4: Five year calibrated and default parameter value modelled snow 
depth and SWE outputs plotted against measured data, at Reynolds Creek 
2003-2008
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Snow depth and SWE are simulated with low errors with both the default and 

calibrated parameter values. The magnitude of the peak SWE and snow depth is 

better simulated with calibrated parameter values than default parameter values, as is 

the timing of the snow melt and subsequently length of time over which the ground 

is snow covered. 

 It is important to note that the model simulates snow depth and SWE well 

with the default parameter values, since snow measurements are not available for the 

Greenland Eastern Settlement sites in AD 1000-1500 therefore specific calibration is 

not possible. The good simulation of snow depth and SWE at two different locations 

with different climates using the default parameter values indicates that the model 

gives realistic base simulations of snow even before calibration, which can then be 

improved upon with calibration. When calibrated over one year, the model performs 

with lower SWE and snow depth RMSE at both sites compared to calibration over 

five years because it is specifically calibrated to the climate of that year. When 

calibrated over 5 years, the total RMSE is higher because it is less specific, but the 

model is likely to perform better overall over the entire time period than if it was 

calibrated to one specific year and applied to longer time periods. Temporal and 

spatial parameter value transfer is analysed in further detail below, which is 

important because the model is calibrated in Greenland to present day point data and 

applied across the regional landscape of the Eastern Settlement and over past time 

periods for which there is no data available for calibration.

4.2.3. Spatial and temporal parameter value transfer

To investigate the impact of spatial and temporal parameter value transfer on model 

performance, the model is calibrated to SWE and snow depth over 1, 5, 10 and 25 

years at both CdP and REY. The resulting parameter value sets are then used to 

model SWE and snow depth at each location and for each time period, with the 

results presented as matrices of SWE and snow depth RMSE as in Tables 4.3 (SWE) 

and 4.4 (snow depth). The red numbers in the Tables indicate the RMSE of the model 

performance with the parameter value set for the time period and location to which it  
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was calibrated. The RMSE using the default parameter values for each location and 

time period is given in the last row. Note that the time period is denoted by the last 

two digits of the start and end year, for example 0506 indicates the hydrological year 

2005-2006. The black line indicates the split between one year calibration and 

multiple year calibration time periods. The SWE matrix is colour coded to show:

 Green =   RMSE < 45 (greater than 35) kg m-2

 Blue =     RMSE < 35 (greater than 25) kg m-2

 Yellow = RMSE < 25 kg m-2

Table 4.3: RMSE in SWE (kg m-2) for spatially and temporally 
transferred parameter value sets

RMSE SWE
 (kg m -2)

RMSE SWE
 (kg m -2)

Location and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationRMSE SWE
 (kg m -2)

RMSE SWE
 (kg m -2) CdP

0506
CdP
0607

CdP
0708

CdP
0809

CdP
0910

REY
8384

REY
0708

CdP
0510

REY
8388

REY
0308

REY
8393

REY
9808

REY
8308

CdP0506 12.62 25.90 17.62 26.34 18.84 14.49 14.50 15.16 19.98 14.69 15.17 14.99 14.42
CdP0607 20.30 15.63 73.45 17.72 34.26 44.15 54.59 33.01 52.73 63.37 64.38 70.03 68.15
CdP0708 93.16 132.2 31.50 136.9 67.11 86.24 83.38 45.59 69.67 59.58 52.86 48.13 50.53
CdP0809 31.53 18.42 60.52 13.72 21.60 37.75 39.14 37.87 25.95 38.71 33.80 46.61 40.55
CdP0910 35.20 35.06 47.58 35.46 14.48 32.53 37.66 19.03 29.71 34.98 35.85 42.91 36.34
REY8384 56.45 80.59 46.93 80.62 91.72 25.52 30.83 87.53 28.77 40.33 30.36 34.27 37.58
REY0708 51.90 60.69 32.79 48.63 67.94 26.67 25.27 46.74 34.59 27.70 30.94 26.02 27.19
CdP0510 48.75 65.07 47.25 66.66 35.70 48.35 50.36 30.85 41.08 42.56 40.10 44.36 41.62
REY8388 46.38 58.19 40.70 58.04 57.95 35.32 38.07 54.30 26.58 32.55 26.52 34.51 30.41
REY0308 54.42 64.94 40.00 60.83 59.63 43.14 41.69 54.18 42.92 36.83 38.67 37.79 37.10
REY8393 49.55 57.01 43.64 55.77 55.27 39.84 41.79 52.37 32.99 36.42 32.78 39.12 34.97
REY9808 60.08 70.18 38.77 65.59 66.17 45.03 42.67 63.02 45.52 38.90 42.29 38.08 38.73
REY8308 51.88 63.10 41.59 61.30 58.55 41.34 41.37 55.49 38.10 36.69 36.52 38.22 36.25

DefaultDefault 19.12 25.84 117.0 23.95 30.79 61.69 40.09 57.56 46.94 50.78 48.28 55.65 52.22

The resulting conclusions are drawn from the SWE RMSE matrix:

- Parameter values transfer better temporally than spatially. 

- Parameter values calibrated over 5 and 10 years give low RMS errors of less 

than 45 kg m-2 when transferred temporally to all other time periods, 

including those outside the calibration years. 

- There is no significant difference between the RMSE using parameter values 

calibrated over 5 years, 10 years, and 25 years when transferred temporally. 
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- Parameter values calibrated over 1 year transfer temporally with varying 

success, with low RMS errors of less than 25 kg m-2 for some time periods, 

and high RMS errors of greater than 45 kg m-2 at others.

- CdP calibrated parameter values transfer with high RMS errors to REY for all 

time periods, with the exception of the CdP 0708 parameter value set which 

transfers spatially with RMS errors below 45 kg m-2. 

- REY calibration parameter values transfer spatially to CdP with varying 

success, with low RMS errors of less than 25 kg m-2 for some time periods, 

and high RMS errors of greater than 45 kg m-2 at others.  

Parameter value transfer is similarly analysed for snow depth, with the matrix colour 

coded to show:

 Green =   RMSE < 20 (greater than 15) cm

 Blue =     RMSE < 15 (greater than 10) cm

 Yellow = RMSE < 10

Table 4.4: RMSE in snow depth (cm) for spatially and temporally 
transferred parameter value sets

RMSE snow 
depth
 (cm)

RMSE snow 
depth
 (cm)

Location and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationLocation and time period of calibrationRMSE snow 
depth
 (cm)

RMSE snow 
depth
 (cm)

CdP
0506

CdP
0607

CdP
0708

CdP
0809

CdP
0910

Rey
8384

Rey
0708

CdP
0510

Rey
8388

Rey
0308

Rey
8393

Rey
9808

Rey
8308

CdP0506 7.70 8.95 12.46 9.61 7.82 8.10 8.60 7.91 8.19 10.33 7.43 8.54 8.10
CdP0607 12.25 9.05 16.40 9.84 5.86 8.83 10.95 8.71 10.33 13.64 10.77 13.44 13.01
CdP0708 29.31 33.69 11.01 37.49 20.60 27.27 22.69 20.73 17.67 15.00 20.46 16.87 16.78
CdP0809 7.74 3.85 18.30 4.48 6.93 9.04 10.04 8.34 9.52 13.46 8.55 12.47 11.34
CdP0910 15.75 13.32 11.43 15.69 8.66 11.12 9.24 12.28 7.59 8.94 8.88 9.40 8.21
Rey8384 18.79 20.03 27.61 19.78 20.74 16.90 19.52 20.32 19.57 22.82 16.00 19.54 18.22
Rey0708 18.29 16.00 5.30 15.19 18.21 12.08 8.36 21.02 8.69 5.58 12.50 7.27 7.49
CdP0510 16.78 17.79 13.83 19.84 11.57 14.92 14.02 12.78 10.93 12.01 11.91 12.07 11.40
Rey8388 17.60 17.55 19.61 18.99 16.60 16.12 16.58 18.20 13.77 15.94 14.01 15.91 14.34
Rey0308 15.66 15.06 11.82 15.64 14.31 13.26 11.56 15.98 10.22 10.2 12.23 11.17 10.83
Rey8393 17.73 16.91 21.95 17.78 16.55 17.68 18.86 18.01 16.04 18.67 15.89 18.64 16.96
Rey9808 17.40 16.74 9.58 17.44 16.12 13.69 10.93 18.33 10.10 8.83 12.97 10.3 10.32
Rey8308 17.09 16.58 9.18 17.39 15.94 13.11 10.32 18.40 9.44 8.34 12.26 9.76 9.79

DefaultDefault 8.49 6.50 30.6 6.62 11.8 18.6 12.2 16.06 15.9 12.7 16.1 14.1 13.86

The resulting conclusions are drawn from the snow depth RMSE matrix:

- Parameter values transfer well both spatially and temporally

- Parameter values calibrated over 5, 10 and 25 years give good RMS errors of 

less than 20cm (with two exceptions of maximum RMSE 23cm) when 
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transferred both spatially and temporally, with many RMS errors less than 15 

and 10cm.

- Parameter values calibrated over 1 year generally transfer well, with RMS 

errors below 20cm with a few exceptions.  

- Spatial transfer of parameter values calibrated over 5, 10 and 25 years results 

in lower RMS errors than those calibrated over 1 year.

For both SWE and snow depth model output, calibration over one year gives the 

lowest RMS errors if application is for that year only. Calibration for time periods 

greater than one year is recommended if model application is over a longer time 

period. Temporal transfer of parameter values whilst maintaining a low SWE and 

snow depth RMSE is possible, with calibration over 5, 10 and 25 years resulting in 

similar RMS errors therefore indicating that calibration over 5 years is sufficient, 

especially if calibration time is a constraint. Spatial transfer of parameter values 

should be treated with greater caution, with the potential for both high and low RMS 

errors in model output, especially in SWE. 

 Modelling snow across the Greenland Eastern Settlement involves 

calibration to current local DMI climate data and then temporal parameter value 

transfer to apply the model in AD 1000-1500. The above analysis shows that this 

temporal transfer of parameter values, when calibrated over a time period of 5 years 

or greater, can be completed reliably. The spatial transfer of parameter values across 

the Eastern Settlement can also be completed reliably for snow depth simulation, 

especially given the relative similarity of transfer climate and landscape across 

southwest greenland compared to between Col de Porte and Reynolds Creek. 

Caution in the simulated SWE output results may be required, but again spatial 

transfer is not expected to produce large errors when transfer is across the Eastern 

Settlement only and not between countries. 
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4.2.4. Energy balance and temperature index melt modelling 

It is observed that whilst there is a significant reduction in RMSE when the model is 

calibrated, the model also performs well without calibration which is partly due to 

the physical energy balance nature of the model. The more physically based the 

model, the less reliant it is on accurate parameter value calibration to simulate reality. 

Snow melt is modelled in this thesis using an energy balance approach which 

requires radiation input data, but an alternative more commonly used temperature 

index based approach is briefly considered as it is often used where limited data are 

available. Temperature index models assume an empirical relationship between air 

temperature and melt rate, with algorithms generally based on the National Weather 

Service River Flow Forecast system by Anderson (1973):

 M = max[MF(Ta - Tbase), 0]

where:

M = Daily snow melt depth (mm)

MF = Melting factor, rate of melt per degree per unit time (mm ºC-1 h-1)

Ta = Air temperature (ºC)

Tbase = Base temperature, temperature at which the snow begins to melt (ºC)

Temperature index algorithms work because of the high correlation between 

temperature and several energy balance components, such as longwave and sensible 

heat fluxes (Hock, 2003). They are commonly used due to the wide availability of air 

temperature data which is also relatively easily interpolated and forecasted, and for 

their computational simplicity. The melting factor (MF), otherwise known as a 

degree day factor (DDF), is a parameter that is usually calibrated. Using a 

temperature index model is difficult when data are unavailable for accurate 

parameter value calibration, and direct spatial parameter value transfer is difficult 

due to the specific nature of the parameter value calibration. Nevertheless, a brief 

comparison of model performance between the energy balance point model used in 

this thesis and a temperature index model is completed to assess whether the 

application of a simpler model would be more appropriate.
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 The temperature index model is calibrated for 1, 5, 10 and 25 year time 

periods at CdP and REY using DDS automatic calibration, similar to the energy 

balance model. The melt factor is calibrated monthly, so that a different melt factor 

per month is the calibration output. The temperature index model simulates SWE, 

and calculates snow depth as SWE/snow density. The default snow density is 250 in 

the model, but model results showed a value of 350 to be more appropriate. Snow 

density as a parameter is, therefore, also calibrated in the temperature index model. 

Both the annual and the spring (April to June melt period) RMS errors of SWE and 

snow depth simulated by the temperature index and energy balance models are 

calculated at Reynolds Creek. The simulated snow RMS errors for both models as a 

result of applying parameter value sets calibrated over 1, 5, 10 and 25 years to model 

simulations for the full 25 year time period are compared in Table 4.5. To model 

snow across the Greenland Eastern Settlement, a parameter value set calibrated in the 

current climate is temporally transferred and applied over long time periods of 

hundreds of years, hence the focus on temporal transfer to the maximum data 

available time period of 25 years as follows. 

Table 4.5: Comparison of Temperature Index (TI) and Energy 
Balance (EB) RMS errors in simulated snow depth and SWE over 25 
years at Reynolds Creek. 

Time period RMSE SWE 

annual (kg m-2)

RMSE SWE 

annual (kg m-2)

RMSE depth 

annual (m)

RMSE depth 

annual (m)

RMSE SWE spring 

(kg m-2)

RMSE SWE spring 

(kg m-2)

RMSE depth 

spring (m)

RMSE depth 

spring (m)

EB TI EB TI EB TI EB TI

1 year: 8384
1 year: 0708
5 years: 8388
5 years: 0308
10 years: 8393
10 years: 9808
25 years: 8308

41.3 46.4 0.13 0.22 54.5 82.9 0.18 0.39
41.4 74.4 0.10 0.25 62.0 138.8 0.14 0.44
38.1 39.7 0.09 0.21 54.8 68.3 0.15 0.34
36.7 39.3 0.08 0.17 49.1 55.7 0.11 0.26
36.5 50.2 0.12 0.26 52.8 55.9 0.18 0.24
38.2 35.1 0.10 0.17 58.7 54.1 0.12 0.25
36.3 41.6 0.10 0.21 49.5 58.5 0.13 0.28

The TI model output for only one calibrated parameter value set (highlighted in red) 

has a lower SWE RMSE than the output from the EB model, both annually and in 

the spring (April to June) melt months. EB simulations of snow depth have 

significantly lower RMS errors, although RMS errors in TI and EB simulated SWE 

are more similar. It is also noted that the RMS errors in spring SWE and snow depth 
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are higher than the annual errors using both models, as expected due to the relatively 

high variability in snow cover during a short space of time during the melt months. 

The model outputs are also compared at Col de Porte, and an example of difference 

in simulated snow depth and SWE is plotted in Figure 4.5 for the five year 

2005-2010 time period over which the parameter values were calibrated. 

Figure 4.5: Temperature index (TI) and energy balance (EB) 
modelled SWE and snow depth, and measured data, at Col de Porte 
from 2005-2010

The RMS errors in both simulated SWE and snow depth at Col de Porte are 

significantly lower with the EB model (31kg m-2 SWE, 0.13m snow depth) compared 

to the TI model (98kg m-2 SWE, 0.4m snow depth).

 It is considered, therefore, that the energy balance model generally produces 

lower RMS errors in SWE and snow depth relative to a temperature index model in 

sub-arctic climates and with the meteorological data available at the sites studied in 

this thesis. In addition, the energy balance model produces lower RMS errors relative 

to a temperature index model when calibrated parameter values are temporally 

transferred over long time periods of 25 years. Given that energy balance 
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meteorological data are available from current meteorological stations and global 

climate models for the sites studied in this thesis, it is therefore appropriate to use 

this energy balance model to simulate snow. In addition, it is considered appropriate 

to use the energy balance model to simulate snow across the Eastern Settlement in 

the medieval Norse time period where calibrated parameter values are temporally 

transferred over long time periods, as opposed to a simpler temperature index 

approach which requires more specific calibration and parameter value transfer gives 

relatively higher RMS errors in modelled snow.

4.2.5. Modelling snow in extreme climate years

The snow model parameter values for southwest Greenland are calibrated using 

current meteorological data for the Eastern Settlement, and applied to past climate 

including extreme cold and hot temperature years. The ability of the model to 

simulate snow in extreme climate years using a parameter value set calibrated to 

current average climate is therefore analysed using the long term 25 year record at 

Reynolds Creek. The extreme warm and cold years are identified based on spring 

temperatures (March to June inclusively) to evaluate the ability of the energy balance 

model to simulate snow melt. These months are chosen based on observations of the 

timing of the snow melt in both extreme and average years. The three warmest and 

coldest spring temperature years are identified as follows:

Warmest spring: 1991-1992 (7.7 ºC), 1989-1990 (7.4 ºC), 1986-1987 (7.2 ºC)

Coldest spring: 1990-1991 (2.6 ºC), 1983-1984 (3.2 ºC), 1997-1998 (3.3 ºC)

The model is calibrated to observed SWE and snow depth using DDS automatic 

calibration for the 10 hydrological year period 1998-2008, which does not include 

any of the extreme climate years the model is validated for, and also for the 5 year 

period 2003-2008 and the 1 year period 2007-2008. The model is also calibrated to 

each extreme year individually, and the differences in modelled snow in the extreme 

years using the different calibrated parameter value sets are shown in Figures 4.6 to 

4.11. The RMS errors in simulated SWE and snow depth in extreme years (warm 
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years in red, cold years in blue) are calculated and compared for parameter value sets 

calibrated to the specific extreme year and to the 10 year period 1998-2008 in Table 

4.6.

Table 4.6: RMSE of modelled snow in extreme climate years with 
specific year calibration and 10 year calibration parameter value sets. 
Extreme warm years in red, cold years in blue.

Time 

period

Time 

period

RMSE SWE (kg m-2)RMSE SWE (kg m-2)RMSE SWE (kg m-2) RMSE snow depth (cm)RMSE snow depth (cm)RMSE snow depth (cm)

Specific year 

calibration

1998-2008 

calibration

Difference Specific year 

calibration

1998-2008 

calibration

Difference

1990-91
1983-84
1997-98
1991-92
1989-90
1986-87

23 35 12 12 22 10
28 38 10 17 20 3
23 28 5 4 6 2
20 30 10 12 20 8
12 60 48 10 28 18
16 26 10 11 17 6

It is noted that parameter values calibrated over 1 year will result in lower RMS 

errors for that specific year than parameter values calibrated over a longer time 

period and applied to that year, because the 1 year calibration is very specific. 

Therefore RMS errors for the model results using the 10 year calibrated parameter 

value sets are expected to be higher than for the 1 year parameter value set, and 

therefore the differences cannot be attributed solely to the extreme climate of the 

simulated year. However, maximum difference between the RMS error in modelled 

snow using a 10 year calibrated parameter value set applied to an extreme climate 

year compared to specific calibration to the extreme year is 48kg m-2 SWE and 18cm 

snow depth. For simulated snow depth, especially, the maximum RMS error for the 

extreme climate year modelled with transferred parameter values calibrated over 10 

years is considered of low magnitude at 28cm. The simulated snow each extreme 

year using parameter value sets calibrated over 1,5 and 10 years and the specific 

extreme year is plotted against the measured snow in Figures 4.6 to 4.8 (cold years) 

and Figures 4.9 to 4.11 (warm years) as follows.  
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Figure 4.6: Measured data and simulated SWE and snow depth for 
cold year 1990-1991 at Reynolds Creek with 1, 5 and 10 year 
calibrated parameter value sets and 1990-1991 calibrated parameter 
value set. 
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Figure 4.7: Measured data and simulated SWE and snow depth for 
cold year 1983-1984 at Reynolds Creek with 1, 5 and 10 year 
calibrated parameter value sets and 1983-1984 calibrated parameter 
value set.
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Figure 4.8: Measured data and simulated SWE and snow depth for 
cold year 1997-1998 at Reynolds Creek with 1, 5 and 10 year 
calibrated parameter value sets and 1997-1998 calibrated parameter 
value set. 

The model simulates both snow depth and SWE well in extreme cold years using 

temporally transferred parameter value sets calibrated over 1, 5 and 10 year periods, 

especially for 1983-1984 and also 1997-1998. The timing of snow peak magnitude 

and melt in the extreme year 1990-1991 is accurate, but the magnitude of the 

simulated peak SWE and snow depth is significantly lower than the measured snow 

peak. Maximum RMS errors for all three extreme cold years using the 10 year 

calibrated parameter value set are 38kg m-2 SWE and 22cm snow depth.
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Figure 4.9: Measured data and simulated SWE and snow depth for 
warm year 1991-1992 with 1, 5 and 10 year calibrated parameter 
value sets and 1991-1992 calibrated parameter value set.
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Figure 4.10: Measured data and simulated SWE and snow depth for 
warm year 1989-1990 with 1, 5 and 10 year calibrated parameter 
value sets and 1989-1990 calibrated parameter value set.
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Figure 4.11: Measured data and simulated SWE and snow depth for 
warm year 1986-1987 with 1, 5 and 10 year calibrated parameter 
value sets and 1986-1987 calibrated parameter value set. 

In extreme warm years, all model simulations using temporally transferred parameter 

values model snow melt at too fast a rate, resulting in lower snow masses in the melt 

period. The timing of the disappearance of SWE, however, is simulated well despite 

the low magnitude SWE in the melt period. The timing of disappearance of snow 

depth is not possible to analyse due to the lack of measured snow depth at high 

frequency time intervals. Maximum RMS errors for all three extreme warm years 

using the 10 year calibrated parameter value set are 60kg m-2 SWE and 28cm snow 

depth.
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4.2.6. Summary of model analysis at Col de Porte and Reynolds Creek

SWE and snow depth are simulated well with the default parameter values due to the 

physical nature of the energy balance model. Given the availability of radiation input 

data, the more physically based calibrated energy balance approach gives lower RMS 

errors between simulated and measured SWE and snow depth relative to a simpler 

calibrated temperature index approach. Calibration improves the model performance 

significantly reducing the RMS errors between modelled and observed SWE and 

snow depth in terms of both the magnitude of the peak snow and timing of the snow 

melt. Where possible, parameter values should be calibrated to both SWE and snow 

depth using a normalised RMSE approach. Parameter values calibrated over time 

periods greater than 5 years are temporally transferrable with RMS errors of less than 

45kg m-2 SWE and 20cm snow depth. Spatial parameter value transfer between 

different landscape and climate regional regimes should be treated with caution, 

especially simulated SWE outputs for which RMS errors can exceed 45kg m-2 

compared to snow depth outputs with low RMS errors of less than 20cm. Parameter 

values calibrated over a 10 year period generally transfer temporally to years of 

extreme cold well, especially for the length of time the ground is snow covered, with 

RMS errors of less than 38kg m-2  SWE and 22cm snow depth. Transfer of 10 year 

calibrated parameter value sets to extreme warms years, however, can result in too 

fast melt rates and lower SWE and snow depth magnitudes during the melt period, 

although timing of the disappearance of SWE (and therefore likely snow depth) is 

generally accurate. Simulation of the extreme warm years using 10 year calibrated 

parameter value sets results in RMS errors of less than 60kg m-2  SWE and 28cm 

snow depth. 

4.3. Model calibration and validation in Greenland

4.3.1. Point melt model calibration

Daily measured snow depth data are available at the three DMI meteorological 

stations (Narsarsuaq, Qaqortoq and Nanortalik, Figure 3.17) in the eastern settlement 
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that are used to correct the GCM data for model input. Snow depth data are available 

at Narsarsuaq from 1961-2007, at Qaqortoq from 1960-2003 and at Nanortalik from 

1963-1979. SWE measurements are not taken at the DMI stations, therefore 

calibration of the model parameter values is to the RMSE of snow depth only. 

Calibration uses the corrected GCM meteorological input to the model, but with 

DMI measured precipitation (defined as rain or snow according to the GCM 

temperature), relative humidity and wind speed and direction. This is to match the 

model input for the past Greenland simulations, so that the RMS errors calculated for 

current modelled data can be applied to the past data with more confidence. The 

model is run with the default parameter values at each of the three locations and 

RMS errors in snow depth calculated.

The 12 model parameters identified in the previous sensitivity test are 

calibrated at each of the three DMI stations using the DDS automatic method, with 

the RMSE of snow depth as the objective function. The model is calibrated over a 10 

year time period. Calibration over a longer time period is not considered necessary 

for good model simulation and temporal parameter value transfer, as determined 

from analysis at Reynolds Creek and Col de Porte. For validation purposes, the 

model parameter values should not be calibrated over the same period as they are 

validated. Calibration over a 10 year time period as opposed to the total time period 

of available data, therefore, both allows for validation and avoids time consuming 

computation. The 10 year time periods selected for calibration at each DMI station 

are chosen where there is a common time period of data for the three stations. A 

common time period is chosen because the RMS errors and parameter values for 

each parameter value set at the three stations are compared and analysed to find a 

common parameter value set for the entire Eastern Settlement. The common time 

period is limited by the availability of data, especially at Nanortalik, and therefore 

spans 1966-1980 for the three sites. The model parameter values are calibrated for 

1966-1976 at Narsarsuaq, 1970-1980 at Qaqortoq and 1967-1987 at Nanortalik, 

which are periods of the greatest temporal data resolution. The calibrated parameter 

value sets are then used to model snow depth and SWE for the full time period that 
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snow measurement data are available at each site, and the RMS errors in snow depth 

calculated. For past model application, it is important to find a calibrated parameter 

value set which gives low RMS errors at all three DMI stations which represent 

model performance across the different local climates (inner fjord, outer fjord and 

southern coastal) of the Eastern Settlement. In modelling snow in the medieval time 

period, variation in the simulated snow is analysed in terms of differing topography, 

vegetation and climate across the Eastern Settlement, and the calibrated parameter 

values should be kept constant so that variation cannot be attributed to parameter 

value differences. Each specific DMI calibrated parameter value set is used to model 

snow at the other DMI stations and RMS error calculated to analyse the 

transferability of parameter values between sites. In addition, parameter mean values 

of the three specific calibrated parameter value sets are calculated, and the model run 

at each site with the mean values parameter set. The default and calibrated parameter 

set values for each DMI site and mean calibrated values parameter set are listed in 

Table 4.7. The parameters with significant differences in value between each of the 

three DMI stations are highlighted in red. Parameter descriptions and units are 

detailed following Table 4.1. 

Table 4.7: Default and three DMI stations calibrated parameter 
values, and mean calibrated values parameter set

ParameterParameter Parameter valuesParameter valuesParameter valuesParameter valuesParameter values

Default Narsarsuaq

04270

Qaqortoq

04272

Nanortalik 

04283

Mean DMI 

calibrated

αfs
αmin
Smin
τc
τm

dmask
fclay
fsand
z0s
ρnew
aλ

Slcap

0.85 0.81 0.80 0.80 0.80
0.5 0.4 0.6 0.4 0.5
10 20 1.5 20 14

3000 1020 3988 1018 2009
100 50 200 51 100
0.02 0.02 0.20 0.20 0.14
0.25 0.56 0.64 0.50 0.57
0.25 0.29 0.47 0.36 0.37
0.001 0.040 0.003 0.058 0.034
100 149 149 150 150

0.0001 0.0001 0.0002 0.0004 0.0002
0.05 0.00008 0.03 0.10 0.04

 A variety of parameter value combinations are tested given the difference in 

parameter values to find the best common parameter value set for the Eastern 
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Settlement. The plots of snow depth and SWE using the individual calibrated 

parameter value sets alongside snow simulated with the mean DMI calibrated values 

parameter set for the 10 year calibration period are displayed in Figure 4.12 to 4.14. 

Figure 4.12: DMI Narsarsuaq simulated snow using site specific 
calibrated parameter values and mean DMI calibrated parameter 
values, calibrated over 10 years

Figure 4.13: DMI Qaqortoq simulated snow using site specific 
calibrated parameter values and mean DMI calibrated parameter 
values, calibrated over 10 years
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Figure 4.14: DMI Nanortalik simulated snow using site specific 
calibrated parameter values and mean DMI calibrated parameter 
values, calibrated over 10 years

Both the site specific calibrated parameter values and the mean DMI calibrated value 

parameter set simulates the length of time the ground is snow covered and the timing 

of the melt well. Errors are generally the result of simulated lower or higher peak 

magnitude snow depth than the measured snow depth. The RMS errors in modelled 

snow depth using each DMI calibrated parameter value and the mean calibrated 

values parameter set over the total time period of available snow measurement data 

at each station are summarised in Table 4.8. Note that the final column refers to the 

site specific calibrated parameter value set applied to the 10 year period over which 

calibration took place, so the RMS error is expected to be lower than in model runs 

using spatially and temporally transferred parameter values over longer time periods.
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Table 4.8: RMS error in modelled snow depth (cm) at DMI stations 
using site specific calibrated parameter values, default values and 
mean DMI calibrated parameter values, calibrated over 10 years

Location and 

time period 

of model run

Location and 

time period 

of model run

RMS in Snow depth (cm) using various parameter value setsRMS in Snow depth (cm) using various parameter value setsRMS in Snow depth (cm) using various parameter value setsRMS in Snow depth (cm) using various parameter value setsRMS in Snow depth (cm) using various parameter value setsRMS in Snow depth (cm) using various parameter value sets

Default Narsarsuaq 

10 year 

calibrated

Qaqortoq

10 year 

calibrated

Nanortalik 

10 year 

calibrated

Mean DMI 

10 year 

calibrated

Site and time 

period specific 

calibrated

Narsarsuaq
1961 - 2007

Qaqortoq
1960 - 2003
Nanortalik

1963 - 1979

18 11 17 13 13 11

20 20 19 20 18 18

27 22 24 20 20 23

RMS errors in snow depth resulting from the spatial transfer of parameter values 

between sites are below 25cm, indicating that parameter values can be transferred 

spatially across the Eastern Settlement region and therefore a common parameter 

value set can be applied. The parameter value set which results in the collective 

lowest RMS errors in snow depth at all three sites is the set comprised of the mean 

values of the individual calibrated parameter value sets. The mean values parameter 

set is therefore used in the numerical model to simulate snow across the Eastern 

Settlement in the past Norse climate. The maximum RMS error in snow depth using 

the mean values parameter set is 20cm when applied to time periods ranging from 16 

to 43 years. The simulated snow depth using the mean calibrated values parameter 

set is plotted against the measured snow depth at each DMI station in Figures 4.15 to 

4.16.  

Figure 4.15: DMI Narsarsuaq (inner fjord) measured and modelled 
snow depth, with mean calibrated parameter values
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Figure 4.16: DMI Qaqortoq (outer fjord) measured and modelled 
snow depth, with mean calibrated parameter values

Figure 4.17: DMI Nanortalik (south coast) measured and modelled 
snow depth, with mean calibrated parameter values

Modelling snow depth using the mean parameter values from parameter value sets 

calibrated at three different DMI sites over 10 years simulates snow depths with low 

RMS errors of less than 20cm over decadal time periods relative to measured snow. 

The length of time over which the ground is snow covered is especially well 

modelled, indicating that both input snowfall meteorological data and resulting 
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model output of snow covered time period are reliable. Peak magnitude of snow 

depth varies, with simulated snow depths both greater and lower than measured snow 

depths in different years. Whilst the simulated peak magnitude snow depth is within 

the measured peak magnitude range, care should be taken with the model output 

peak snow depth magnitude. The length of time the ground is snow covered is still 

well modelled even in years when the modelled peak snow depth magnitude is 

greater or less than the measured magnitude. 

4.3.2. Spatially distributed model validation

Spatially distributed measured snow data are not available across the Eastern 

Settlement in Greenland, neither for the AD 1000-1500 Norse time period nor in 

current climates. Landsat satellite imagery (Landsat USGS), however, is available for 

partially covered snow months across the Eastern Settlement and for the model areas, 

identifying the spatial distribution of snow cover on specific dates. Satellite images 

for partial snow covered months unobscured by cloud cover are available and 

selected for the following dates:

- 16th May 1997

- 17th April 1998

- 19th May 1998

The spatially distributed numerical snow model is run at each model area (see Figure 

3.12) for the 1996-1997 and 1997-1998 hydrological years, with corrected GCM data 

and DMI precipitation, relative humidity, wind speed and wind direction for the 

meteorological station appropriate to the modelled site location. The modelled output 

snow covered area for the dates corresponding to those of the satellite imagery is 

plotted and compared to the snow covered area in the satellite imagery. This is 

completed for each model area, with examples for the model areas E (inner fjord, 

low altitude site including key Norse settlement site Garðar), K (inner fjord, high 

altitude site), and O (outer fjord site) displayed in Figures 4.18 to 4.27 as follows. 
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Model area E (including Norse settlement site Garðar) - inner fjord climate 

 

Figure 4.18: Landsat satellite image and modelled snow depth at 
Garðar on 16th May 1997 

  

Figure 4.19: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at Garðar on 17th April 1998
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Figure 4.20: Landsat satellite image (Landsat USGS) and modelled 
snow depth at Garðar on 19th May 1998

Very little snow is present on 16th May 1997, as is simulated by the numerical model. 

Patchy snow is present on 17th April 1998 in higher altitude areas, and the model 

simulates the deepest snow in these higher altitude areas indicating that snow is 

spatially distributed accurately across the landscape. On 17th April the model 

simulates a greater snow covered area than the satellite image with patchy snow also 

at lower altitudes, although with snow depths of less than 25cm indicating that melt 

out would soon occur. Indeed, the satellite image shows the landscape is snow free 

on 19th May later in the same year (1998), and similarly the modelled snow has 

melted resulting in a simulated snow free landscape. This lower altitude model area 

E is mostly snow free on the satellite image dates, therefore a higher altitude site also 

in an inner fjord location (model area K) is analysed where there is greater snow 

cover present on the satellite image dates to compare to the simulated snow.
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Model area K - inner fjord climate

 
Figure 4.21: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area K on 16th May 1997

Snow is present at higher altitudes and the valley bottom is snow free on 16th May 

1997. This is simulated well by the model indicating the spatial distribution across 

the landscape is represented accurately in model output. Modelled snow depth in the 

northwest high altitude area ranges from patchy cover below 20cm to small patches 

of deeper 60cm snow. In the south-east high altitude area, however, snow depths vary  

from patchy cover below 20cm at low altitudes up to 1.5 to 2m at the highest 

altitude. Whilst snow depth cannot be measured from the satellite image, it is clear 

that deeper snow exists in the south-east high altitude area, therefore indicating that 

the relative variations in snow depth across the landscape are well simulated. An 

additional Landsat satellite image on 20th August 1997 can also be compared at this 

high altitude site because snow cover is still present at the highest altitudes in 

August. 
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Figure 4.22: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area K on 20th August 1997

On 20th August 1997 the model does simulate snow cover at the highest altitudes as 

seen in the satellite image, but with a greater snow covered area. Simulated snow 

cover in the summer months may be overestimated and should be treated with 

caution.

   
Figure 4.23: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area K on 17th April 1998

The lower altitudes of the valley on 17th April 1998 are snow free, with the deepest 

snow cover apparent at the highest altitude in the southeast corner in the satellite 

image. This is well simulated by the model indicating that the distribution of snow 

across the landscape is well represented, although with slightly greater snow cover at 

the lower altitudes of the valley sides. 
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Figure 4.24: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area K on 19th May 1998

Snow cover at high altitude on the southeast side of the valley is simulated well by 

the model, although the patchy snow on the northwest high altitude area is not 

modelled. This indicates that the spatial distribution of snow across the landscape is 

accurately simulated, but that the melt rate in this particular year is slightly low. Note 

that the green strip in the southeast corner of the model area satellite image is 

because this model area is at the edge of the larger Landsat satellite image. 

Model area O - outer fjord climate

  

Figure 4.25: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area O on 16th May 1998

METHODOLOGY: Chapter 4 Snow Model Calibration and Validation

124



  

Figure 4.26: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area O on 17th April 1997

 

Figure 4.27: Landsat satellite image (Landsat USGS) and modelled 
snow depth (m) at model area O on 19th May 1998

On 16th May 1998, patchy snow remains on the relatively higher altitude areas at this 

outer fjord site, and is simulated well by the model indicating that snow distribution 

across the landscape is modelled accurately. On 17th April 1997, the highest altitude 

areas are snow covered, with patchy snow cover in the mid-altitude areas and snow-

free low altitude areas. The deepest snow is modelled at the highest altitudes where 

the greatest snow cover occurs in the satellite image, again indicating an accurate 

simulation of snow distribution. Whilst the patchy snow at mid-altitudes is well 

modelled, the simulated snow cover is greater at lower altitudes than in the satellite 

image indicating that the melt rate is slightly too low. Modelled snow depths at low 
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altitudes are less than 50cm, indicating that the areas would soon become snow free 

to match the satellite image. Indeed, by the 19th May of the same year (1998) the 

majority of simulated landscape is snow free, with very patchy snow remaining in 

the highest altitude areas covering a slightly smaller area than indicated in the 

satellite image. 

 A comparison of modelled snow output and satellite imagery at the remaining 

model areas across the Eastern Settlement show similar results to the examples 

above. The spatial distribution of snow cover is accurately modelled according to the 

topography of the landscape across all model areas, with minor differences in snow 

cover attributed mainly to temporal differences between modelled and actual melt 

rates. The differences in snow covered area in terms of melt rate between the 

modelled output and satellite imagery are similar to modelled areas E and K for the 

inner fjord sites, and to model area O at the outer fjord sites, because the model is 

run with the same inner or outer fjord meteorological input. Modelled snow output at 

south coast climate model area Sandhavn cannot be compared to satellite imagery 

because there is no common time  period between the availability of current climate 

data at Nanortalik and cloud free partial snow cover Landsat satellite images. The 

satellite images in Figure 4.28 are presented, however, to give an indication of spatial 

snow distribution in May and June in the current climate. 

  
 Figure 4.28: Landsat satellite imagery (Landsat USGS) showing 
snow covered area (coloured blue) across model area Sandhavn on 
Left-to-right: a) 11th May 2003 b) 25th May 2000 and c) 26th June 2000 

Snow covered area at Sandhavn remains longest at the highest altitude areas inland, 

with snow cover still present at the highest altitudes at the end of June 2000. Snow 
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depth cannot be determined from satellite imagery to compare to modelled snow 

depth across the Eastern Settlement in the current climate, but empirical fieldwork at 

Abisko, Sweden, provides a spatial distribution of snow depth measurements to 

which model results can be compared.   

Snow Model validation at Abisko, Sweden.

The distributed snow model is run across the Abisko fieldwork area using the default 

parameter value set for the 2008-2009 hydrological year, with output results recorded 

both monthly and also on the specific fieldwork measurement dates. Modelled snow 

depth and SWE on April 1st 2009 (during the fieldwork period) are displayed in 

Figures 4.29 and 4.30, respectively, with the location of the AB-AT and IV transects 

indicated in black. 

Figure 4.29: Modelled snow depth (m) at Abisko on 1st April 2009, 
with AB-AT and IV transects marked in black
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Figure 4.30: Modelled SWE (kg m-2) at Abisko on 1st April 2009, with 
AB-AT and IV transects marked in black

Modelled SWE and snow depth for each AB-AT and IV transect point, where snow 

depth and SWE is measured in the field, is extracted from the model output. The 

model output is plotted against the measured SWE and snow depth shown in Figures 

4.31 to 4.33. Measured snow depth along the AB-AT transect includes both the snow 

depth measured at the transect point and the minimum and maximum snow depth of 

the four measurements taken around each grid point. 

Figure 4.31: Measured and modelled SWE using default parameter 
values along the AB-AT Abisko transect on April 1st 2009
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Figure 4.32: Measured and modelled snow depth using default 
parameter values along the AB-AT Abisko transect on April 1st 2009. 
Dotted black lines indicate the range of snow depth measured around 
each AB-AT transect point

Measured and modelled SWE and snow depth using the default parameter value set 

are generally of the same magnitude, indicating that the model simulates the SWE 

and snow depth magnitude prior to the onset of melt accurately. The highest 

measured peak in SWE and snow depth is not captured by the model but is likely to 

be the result of localised topographic or vegetative attributes as it is an isolated high 

measurement. If the local attributes are not represented in the model input, for 

example because they are of a higher resolution than the input data, the model will 

not simulate the peak in snow and it is possible that this occurred at this point.
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Figure 4.33: Measured and modelled snow depth using default 
parameter values along the high resolution (2m) IV transect on April 
4th 2009

Snow depth along the IV transect is measured every 2m, and therefore reflects small 

scale variations in topography and vegetation. The model input data at a higher 

spatial resolution of 16m does not capture the high resolution landscape variation, 

and therefore similarly does not capture the small scale variations in snow depth. The 

general magnitude of modelled snow depth is, however, similar with the default 

parameter value set. It is expected, therefore, that simulated snow depth at Greenland 

will capture the relatively larger scale magnitude of the snow depth prior to the onset 

of melt in the order of tens of metres (with a spatial DEM resolution of 25m), but 

will miss the high scale snow depth variation in the order of 1-2 metres.  

4.4. Calibration and validation summary

SWE and snow depth are simulated well with the default parameter values due to the 

physical nature of the energy balance model. At Abisko, the similar magnitude of the 

measured and modelled SWE and snow depth using the default parameter value set 

indicate that the model simulates SWE and snow depth magnitude prior to the onset 

of melt accurately, although high resolution snow variations in the order of 

magnitude of 1-2 metres will not be captured in the model results. Calibration 

improves the model performance significantly reducing the RMS errors between 
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modelled and observed SWE and snow depth in terms of both the magnitude of the 

peak snow and timing of the snow melt. Parameter values calibrated over 10 years in 

the current climate can be transferred temporally to past climates with expected low 

RMS errors of less than 20cm snow depth and 45kg m-2 SWE. A comparison of a 

simpler temperature index model indicates that the energy balance model produces 

lower RMS errors when calibrated parameter values are temporally transferred over 

longer time periods of 25 years. Calibrated parameter values transferred to extreme 

cold and warm years are expected to simulate reliably the length of time over which 

the ground is snow covered, although the melt rate may be simulated faster than 

reality for extreme warm years and the peak magnitude may be greater or lower than 

reality. For extreme cold years, RMS errors between simulated and measured snow 

are expected to be less than 22cm snow depth and 38kg m-2 SWE, and for extreme 

warm years less than 28cm snow depth and 60kg m-2 SWE. Spatial transfer of 

calibrated parameter values between different landscapes and regional climates can 

result in poor snow simulations, but across the similar landscape and regional climate 

of the Eastern Settlement in Greenland, parameter value transfer results in low RMS 

errors between simulated and measured snow depth of less than 25cm. The model is 

calibrated to snow depth at three different sites in Greenland representing the varying 

regional climates of inner fjord, outer fjord and south coastal, therefore the parameter 

values are appropriate for application across the Eastern Settlement. Since model 

analysis has indicated that the model simulates the timing of the melt more 

accurately than the peak snow magnitude, analysis will focus on the length of time 

over which the ground is snow covered. In addition, since the model is calibrated to 

snow depth in the current climate, not SWE, further analysis examines variations in 

snow depth, with RMS errors between simulated and measured snow depth expected 

to be less than 28cm for an extreme climate year.  The spatial distribution of snow 

across the landscape is accurately simulated, with differences in snow cover between 

measured and modelled snow attributed to temporal differences in melt rates or small 

scale topographic variations. Generally, the model simulates snow cover accurately 

across the modelled areas in the Greenland landscape when compared to satellite 
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imagery. Snow distribution in the past Norse climate across the Eastern Settlement 

can therefore be modelled with confidence, with a contextual understanding of model 

performance, accuracy and uncertainty across sub-arctic landscapes.
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SECTION 3 RESULTS AND 

ANALYSIS

Chapter 5

Empirical Results and Analysis

5.5

5.1. Outline and rationale

In this chapter, the empirical data results are presented and analysed alongside 

secondary topographic, vegetation and climate data to determine snow-landscape 

relationships in the current climate. The aim is to better understand snow-landscape-

climate processes that are simulated in the numerical model by analysis of these 

relationships in a known landscape. 

5.2. Abisko, Sweden

Snow depth and density was measured every 50m along a 3.5km transect from the 

Abisko Birch site (AB) to the Abisko Tundra site (AT) (see Figure 3.7). The transect 

is illustrated in Figure 5.1, and vegetation progression in Figure 5.2 from the AB site 

in a patch of birch forest, through patchy birch and open areas, to the AT site in open 

tundra above the treeline.
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Figure 5.1: Photograph of AB-AT transect, taken from the AT site 
above the treeline looking northwest towards Lake Tornetrask, on 1st 
April 2009 

Figure 5.2: Vegetation progression along the AB-AT transect, from 
the AB birch forest site, through patchy birch and open areas to the 
AT open tundra site. Photographs taken on 1st April 2009

5.2.1. Snow-vegetation relationships

Snow depth

Snow depth measured every 50 metres along the 3.5km AB-AT transect is plotted 

against vegetation type, which is classified according to field observations as forest 

(birch trees visible above the snow) or open (snow covered plants and frozen surface 

water). Mean snow depth and standard deviation for the forested and open areas are 

also calculated and shown in Figure 5.3.
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Figure 5.3: Measured snow depth and observed vegetation type 
along the AB-AT transect

Mean snow depth in the open areas is significantly lower than in the forested areas. 

This is expected since the relatively sheltered forested areas trap a greater volume of 

blowing snow. The standard deviation (variation) of snow depth is similar across 

forested and open landscapes. The relationship between snow depth and vegetation 

height as determined from the LiDAR data is plotted in Figure 5.4.

Figure 5.4: Measured snow depth and LiDAR vegetation height 
along the AB-AT transect 

Snow depth and vegetation height display a general positive relationship as expected, 

with vegetation of a greater height generally providing greater shelter and therefore 

trapping a greater volume of blowing snow. The relationship is a weak one because 

relatively high snow depths also occur at low vegetation heights, likely due to 

variations in topography with snow expected to accumulate on relatively sheltered 

lee slopes and in sheltered topographic hollows. Low snow depths in areas of high 

vegetation height are, however, rare and the relationships between snow and 

topography are analysed later in Section 5.2.2. 
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Snow density

Snow density measured along the AB-AT transect is plotted against the observed 

vegetation type of forest or open area in Figure 5.5. 

Figure 5.5: Measured snow density and observed vegetation type 
along the AB-AT transect

Mean snow density is significantly greater across open areas than in forested areas. 

This is expected due to the dense wind crust which was observed during data 

collection to develop on the snow in open, relatively unsheltered areas. The standard 

deviation is again similar in the forest and open areas, though slightly lower in the 

open areas perhaps indicating a more homogenous landscape. The relationship 

between snow density and vegetation height as determined from the LiDAR data is 

plotted in Figure 5.6.

Figure 5.6: Measured snow density and LiDAR vegetation height 
along the AB-AT transect 

Snow density and vegetation height display a general negative relationship as 

expected due to the denser wind crust which develops at relatively unsheltered low 

vegetation heights. The relationship is weak, however, because low snow density 
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measurements are also found at relatively low vegetation heights, likely due to local 

topographic sheltered areas where a dense wind crust does not develop. The 

relationships between snow and topography are analysed later in Section 5.2.2.

Snow Water Equivalent

SWE measured along the AB-AT transect is plotted against the observed vegetation 

type of forest or open area in Figure 5.7.

Figure 5.7: Measured SWE and observed vegetation type along the 
AB-AT transect 

Mean SWE is significantly lower in open areas relative to forest. Since SWE is a 

function of snow depth and density, as an average across the whole transect the 

higher density snow observed in the open areas generally does not compensate for 

the lower depths observed. This is not true for every transect point, however, with 

high SWE measurements recorded in open areas and low SWE measurements in 

forest areas likely the result of the impact of local topographic variations on snow 

depth and density.  The SWE standard deviation is significantly lower in the open 

areas, indicating a more homogenous landscape relative to the forested areas. The 

relationship between snow density and vegetation height as determined from the 

LiDAR data is plotted in Figure 5.8.
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Figure 5.8: Measured SWE and LiDAR vegetation height along the 
AB-AT transect 

There is no correlation between SWE and vegetation height, likely as a result of the 

relationships between vegetation height and snow depth and density. On the AB-AT 

transect, snow depth generally increases with vegetation height and density 

decreases, therefore since SWE is a function of snow depth and density, no strong 

correlation is observed between SWE and vegetation height. 

Snow depth, density and SWE relationships

The relationships between snow depth, density and SWE along the AB-AT transect 

are displayed in Figure 5.9 and categorised into open or forested areas according to 

field observations. Peak outliers in measured snow depth and SWE identified in 

Figures 5.11 - 5.13 are also identified in Figure 5.9, and analysed in Section 5.2.2. 

alongside variations in topography and vegetation height.
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Figure 5.9: Snow depth, density and SWE relationships according to 
observed vegetation type (forest or open)

SWE is positively correlated with snow depth and density, as expected since SWE is 

a function of the two variables. The plots show a clear differentiation between the 

physical characteristics of snow in forested and open areas, where for a given SWE 

snow depth is greater and snow density is lower in forested areas. There is a slight 

positive correlation between snow depth and density which may be the result of 

increased compaction in a deeper snowpack. There is not a strong correlation 

between snow depth and density likely due to vegetation and local topographic 
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variations. Greater snow depths in relatively sheltered forested or topographic areas 

generally have lower snow densities, but in open unsheltered areas generally have 

higher snow densities due to the development of dense wind crusts. Again, a clear 

differentiation between forested and open areas is shown, where for a given snow 

density the snow depth is greater in the relatively sheltered forested areas, and for a 

given snow depth the snow density is greater in open areas. Outliers in these 

relationships are expected to be due to local topographic variations.

5.2.2. Snow-topography-vegetation relationships

AB-AT transect

Measured snow depth, density and SWE are plotted against vegetation height, 

elevation and topographic curvature of the surface as calculated from the LiDAR 

data (see Section 3.3.3 for methodology). A negative curvature value indicates a 

topographic hollow, and a positive value indicates a topographic crest. The results 

are summarised in Figures 5.10 to 5.13 with particular analysis of peak and outlier 

snow measurements. 

Figure 5.10: Measured snow depth and LiDAR derived elevation 
change along the AB-AT transect

Elevation increases along the transect from the AB (birch tree) site to the AT (tundra) 

site, with an associated reduction in vegetation height from the tree line occurring at 

approximately 2250m along the transect and 675m.a.s.l. This is illustrated by the 
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vegetation height plotted in Figure 5.11, which remains below 1m from 

approximately 2250m from the AB site to the AT site. 

SNOW DEPTH

open

open

open

open

open

open open

open

open

AB AT

AB AT

AB AT

Figure 5.11: Measured snow depth and LiDAR derived vegetation 
height along the AB-AT transect

Snow depth generally varies according to the pattern of vegetation height, with 

higher snow depths observed in areas of greater vegetation height. In the open area 

above the tree line towards the AT end of the transect, low snow depths are observed 

with the exception of an 1m deep outlier measurement as indicated which is similar 

in depth to a peak measurement in the forested area, also indicated. The peak snow 

depth of above 1m in the forested area coincides with a peak in the vegetation height 

which provides shelter and traps blowing snow. The open area peak snow depth, 

however, occurs where vegetation height is low and therefore does not provide 

shelter leaving the snow exposed to being blown away. Both peak measurements are 

further analysed in terms of snow density and topographic variations in Figures 5.12 

and 5.13. 
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Figure 5.12: Measured snow density and LiDAR derived vegetation 
height along the AB-AT transect

Snow density is generally higher in open areas than forested areas, and is indeed high 

for the peak snow depth measurement observed in the open area as indicated. Snow 

density is also high for the peak snow depth identified in the forested area which is 

unexpected for sheltered snow packs in forested areas and could be due to 

compaction as a result of the weight of the deep snow pack. A peak SWE 

measurement is expected, therefore, at both points due to the high measured snow 

density and depth, as shown in Figure 5.13.

Figure 5.13: Measured SWE and LiDAR topographic surface 
curvature along the AB-AT transect

Peak SWE is measured at the two transect points identified in Figure 5.13, also 

identified with peak snow depth and high density measurements. The peak SWE at 

the forested point can be attributed to a high vegetation height and also a high snow 

density. The peak SWE in the open area can be attributed partly to a high density, but 
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also a peak snow depth which is unexpected in an open relatively unsheltered area. 

The negative topographic curvature at this point indicates a topographic hollow, 

which is likely to be relatively sheltered and therefore resulting in an accumulation 

of blowing snow and high snow depth. A positive topographic curvature exists at the 

forested peak SWE indicating a topographic crest, but the high vegetation height 

would prevent snow being blown from this area. This analysis indicates that whilst 

general relationships can be determined between snow depth, density, SWE, 

topography and vegetation, all variables need to be considered when analysing and 

projecting the distribution of snow across a complex landscape. 

IV transect

Snow depth was measured at a higher resolution every 2m along a transect in the IV 

grid, illustrated in Figure 5.14.

Figure 5.14: IV transect, looking from topographic hollow at end of 
transect towards topographic crest near start of transect, on 4th April 
2009

Measured snow depth is plotted against vegetation height and elevation determined 

from LiDAR data in Figure 5.15.
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Figure 5.15: Measured snow depth and LiDAR derived vegetation 
height and elevation

The measured snow depth along the 2m resolution IV transect confirms the 

relationships identified along the AB-AT transect with greater snow depths in areas 

of taller vegetation. Local elevation decreases along the transect, with the taller 

vegetation and greater snow depths found in the relatively more sheltered 

topographic hollow. 

5.2.3. Modelled snow variability

The numerical snow model simulates these relationships between snow, vegetation, 

topography and meteorological data to distribute snow across the landscape. The 

prevailing wind direction is illustrated in Figure 5.16 which plots a wind rose of 

wind speed (m/s) and wind direction (degrees from N) recorded for the 2008-2009 

hydrological year at the AT tower, with missing wind direction data infilled with 

ANS recorded data. The prevailing wind direction is recorded to be from the higher 

altitude area in the south and south-west.
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Figure 5.16: Wind speed (m/s) and direction (degrees from N) 
recorded at the AT site from 2008-2009 hydrological year

The modelled snow depth output on 1st April 2009 is displayed in Figures 5.17 and 

5.18, with the snow distribution compared to vegetation distribution (when 

vegetation height is greater than 2m, coloured in red) and topography from LiDAR 

data.  

Figure 5.17: Left - modelled snow depth (cm) 1st April 2009. Right - 
vegetation areas > 2m height in red, with AB-AT and IV transects 
illustrated as black lines
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The pattern of modelled snow depth matches that of the vegetation cover, with 

greater simulated snow depths found in areas of birch tree vegetation. 

Figure 5.18: Left - modelled snow depth (cm) 1st April 2009 with AB-
AT and IV transects illustrated as black lines. Right - LiDAR DEM 
m.a.s.l. (ABACUS Twiki, 2009) 

Above the tree line snow depth is greater at higher elevations relative to the open 

areas below the tree line due to increased precipitation and lower temperatures 

resulting in a greater proportion of precipitation falling as snow. At the highest 

altitude, however, snow is blown from the relatively unsheltered mountain top 

resulting in lower snow depths, with accumulation on the relatively sheltered slopes. 

Greater snow depths are also simulated in the relatively sheltered valley clearly 

indicated in the DEM. Snow accumulates on the edge of the patchy birch areas 

below the tree line. Snow is blown across open areas and accumulates in drifts when 

areas of taller vegetation result in a decrease in wind speed. 

 Modelled SWE follows a similar pattern to modelled snow depth, and is 

displayed in Figure 5.19.
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Figure 5.19: Modelled SWE (kg m-2) 1st April 2009, with AB-AT and IV 
transects illustrated as black lines

 Similar to snow depth, lower SWE is simulated in the open areas below the tree line 

relative to the birch tree vegetation areas, with drifts on the edge of the areas with 

greater vegetation height. Greater SWE is simulated in the topographic valley and on 

the higher altitude slopes, with lower SWE at the exposed peak altitude.

5.2.4. Snow pack properties 

The snow pit data collected between the 26th and 29th March from snow pits dug 

across the IV grid (see Figure 3.7) are presented in Table 5.1, detailing the variation 

in density and temperature with depth through the snow pack and the presence or 

absence of ice layers. Note that density measurements could not always be taken 

consecutively every 10cm through the snowpack due to the presence of ice layers or 

vegetation in the snowpack, or proximity to the snowpack base.  
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Table 5.1: Snow pit measured data at 9 sites of the IV grid

Snow 

pit

Total 

depth 

(cm)

Depth of layer 

from ground 

(cm)

Density of 

layer (kg m-3)

Temperature profile 

(surface to base, every 

10cm) (ºC)

Observations

1

4

7

13

39

36

23

16

20

35 25-35 254 -10/-10/-10/-9/-7 Ice layer: 14-21 cm

4-14 264 Depth hoar at base

79 68-78 245 -10/-11/-9/-8/-7/-6/-6/-4

56-66 281

45-55 405 Ice layers:
52-53 and 32-36 cm

16-26 302 Birch twigs to ~30 cm 

33 23-33 293 -12/-9/-7/-4.5 No visible ice layers

6-16 258

16.5 6.5-16.5 277 -12/-11/-10 Ice layer: 10-12 cm

7 n/a n/a -11/-10 Ice layer: 2-4 cm

5 n/a n/a -4/-7 Ice layer: 2.5-3.5 cm

27 17-27 298 -6/-9/-7/-7

6-16 327 Ice layer: 13-14 cm

111 101-111 320 -7/-8/-10/-9/-7/-6/-6/-5/-4.
5/-4/-3/-2 No visible ice layers

82-92 305

70-80 357

59-69 322

46-56 388

34-44 366

24-34 417

10-20 370

0-10 314 Depth hoar at base

47 37-47 293 -9/-11/-10.5/-9.5/-8.5/-7

27-37 314

15-25 295 Ice layers: 4-6 and 9-12 cm
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All snow pits record an increase in temperature with depth below 10-20cm from the 

surface, this is due to the insulating properties of the snow pack from cold air 

temperatures. Density varies throughout the snow pack, with lower densities 

measured at the base of the snowpack in snow pits where depth hoar and larger 

crystals have developed, or vegetation is present. High densities are found at the 

snowpack base in other snow pits where the weight of overlying snow has 

compressed the snowpack, or metamorphism over time of the lower layer has 

increased snow density relative to the surface layer. Ice layers are present in seven 

of the snow pits indicating that mid-winter melt periods have occurred where the 

surface snow has melted and then re-frozen.  

5.2.5. Measured snow cover at Abisko - summary

In the pre-melt period across the Abisko landscape of birch trees and open areas, 

snow depth is generally greater in areas of taller vegetation which are relatively 

sheltered and therefore accumulate blowing snow. Snow density is generally greater 

in open areas where a dense wind crust develops on the surface of the snow relative 

to sheltered forest areas. Mean SWE is generally greater in forested areas where the 

lower snow density is compensated for by deep snow depths, but greater snow depths 

and SWE are also found in relatively sheltered topographic hollows in open areas 

where blowing snow accumulates. In a wind swept landscape such as Abisko, 

vegetation is a key variable in the distribution of snow across the landscape trapping 

blowing snow, particularly below the tree line. Above the tree line, topography is a 

key variable in the distribution of snow with greater snowfall occurring at higher 

elevations and blown from exposed ridges and accumulating in relatively sheltered 

topographic hollows and lee slopes. The prevailing wind direction determines the 

location of drifts, with snow accumulating on the lee side of topographic slopes and 

at the boundary of taller vegetation areas.   
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5.3. Heidal Valley, Norway  

5.3.1. Temperature variations

Snow depth, density and SWE were measured along 2 transects on the sunny valley 

side and 1 transect on the shady valley side from low elevations adjacent to the river 

with farm cleared areas, through dense forest with farm clearings, to open tundra 

above the tree line at the highest elevations outside the steep valley sides (see Figure 

3.9). Ten Tinytag data loggers recording temperature and relative humidity were 

fixed along transects 1 (sunny side) and 2 (shady side), five on each, at varying 

elevations and in both forest and clearing areas (see Figure 3.10). A high correlation 

exists between temperature and several energy balance components, such as 

longwave and sensible heat fluxes (Hock, 2003), and temperature is commonly used 

in algorithms of snow melt. The differences in temperature recorded by the Tinytag 

loggers with elevation and vegetation cover are presented in Figure 5.20, providing 

an indication and possible explanation of how snow melt may vary across the 

landscape. The recorded relative humidity data is presented in Appendix G.

Figure 5.20: Tinytag recorded temperature on the sunny transect (top 
graph) and shady transect (bottom graph) for Tinytags at different 
elevations in March and April 2010
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On the sunny transect, the temperature recorded at the Tinytag data loggers decreases 

with elevation and is consistent throughout the recording time period. On the shady 

transect, the highest temperature is generally recorded at the lowest elevation and 

lower temperatures at the higher elevations, but the pattern is less consistent with 

Tinytag 7 recording greater daily temperature fluctuations on a number of days. The 

temperature data for each logger is analysed in more detail in Figures 5.21 to 5.24, 

with loggers at similar elevations compared according to sunny and shady transects, 

and different vegetation types.

Figure 5.21: Tinytag logger temperature at lowest elevations in 
clearings on sunny and shady transects

At the lowest elevations where both Tinytags are in cleared areas, temperatures on 

the sunny side are greater than on the shady side due to greater direct radiation, 

especially in the daytime, despite the sunny side elevation being 71m higher.

Figure 5.22: Tinytag logger temperature at lowest elevations in forest 
on sunny and shady transects

At lower elevations where both Tinytags are in the forest, temperatures on the sunny 

side are again higher than on the shady side due to greater direct radiation, although 
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the sunny side elevation is 92 metres lower which may contribute to warmer 

temperatures in addition to radiation differences. 

Figure 5.23: Tinytag logger temperature at mid-elevations in clearing 
and forest on the shady transect

At mid-elevations where both Tinytags are located on the shady side, the temperature 

in the forest is less variable than the temperature in the clearing. Temperature in the 

clearing reaches higher values in the daytime with direct radiation, and lower values 

at night with direct loss of radiation and no trees retaining absorbed radiation. 

Figure 5.24: Tinytag logger temperature at high elevations in open 
areas and forest on sunny and shady transects

At the highest elevations in the open areas, the sunny side temperature is lower than 

the shady side temperature, which may be due to the higher elevation by 70m. These 

highest elevation Tinytag loggers are located in the open tundra above the tree line, 

where the valley sides are less steep and therefore the direct radiation is similar. The 

temperature in the forest on the sunny side fluctuates less than in the clearings, and is 

relatively warm on average since the forest is less dense near the tree line and 

therefore greater direct radiation is received.
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Summary - temperature variations

Temperature decreases with elevation in Heidal valley, and on the valley sides is 

greater on the sunny side relative to the shady side for a given vegetation type, 

(clearings or forest). Above the steep valley sides above the tree line, temperature is 

similar on the shady and sunny transects where topography is less influential on 

direct radiation. Daily temperature in the forest fluctuates less relative to clearings, 

with clearings at a given elevation reaching higher temperatures during the day and 

lower at night than forested areas. It is expected, therefore, that snow melts faster at 

lower, warmer elevations and in clearings with direct radiation, especially on the 

sunny valley side. The ground is expected to remain snow covered for longer in 

dense forested areas on the shady valley side. In addition, ice layers are expected to 

be less likely to form in forested areas where the snow is less likely to melt in the day  

and is better insulated at night so less likely to freeze. The measured snow along the 

sunny and shady transects in both the pre-melt and mid-melt periods is analysed in 

the context of the variations in recorded Tinytag temperature data. 

5.3.2. Measured snow depth

Snow measurements along the sunny and shady transects on Heidal valley sides were 

taken in the pre-melt period from 28th February to 9th March 2010. Figures 5.25 and 

5.26 illustrate the mixed forest and clearing landscape of Heidal valley and the 

different types of forest vegetation along the transects. 
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Figure 5.25: Heidal valley looking west from the sunny side at the 
shady valley side in the pre-melt period on 1st March 2010
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Figure 5.26: Vegetation progression on sunny side transect 1 from 
low elevation dense pine, though less dense mid-elevation forest, to 
sparse treeline forest and open tundra with sheltered topographic 
hollow, in mid-melt period on 24th April 2010

Pre-melt period

Measured snow depth varies according to topography and vegetation cover, as 

illustrated in Figure 5.27 which plots snow depth and elevation along the sunny side 

transect 1, which covers the greatest distance of the three measured transects. Five 

transect sections A to E are identified for snow depth analysis. 
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Figure 5.27: Pre-melt measured snow depth and elevation variation 
along sunny side transect 1 in forest and clearings

Section A: At low elevations, snow depth is greater in the clearings than in the dense 

pine forest. This is the result of the dense pine canopy intercepting significant 

volumes of falling snow which subsequently sublimates without reaching the ground. 

Section B: At mid-elevations, the snow depth is not significantly different between 

the forested area and the clearings. The forest is less dense at mid-elevations on the 

sunny side and therefore less snow is intercepted, but low snow depths are observed 

particularly under larger dense canopy trees. The clearings at mid-elevations are 

smaller in size relative to the large open cleared areas at low elevations adjacent to 

the river. The smaller clearings are more closely surrounded by forest and therefore 

have a shorter fetch and are more sheltered, so less snow is blown from the mid-

elevation clearings compared to the relatively unsheltered larger clearings at the 

valley base and open areas above the tree line.

Section C: Snow depth in the forested area varies significantly across the 

topographic ridge, with higher snow depths in the relatively sheltered forested area 

of the valley slope and a significant reduction in snow depth on the more exposed 

crest of the ridge. The forest is less dense at the tree line, and becomes increasingly 
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less dense with elevation contributing to the lower snow depths nearer the tree line in 

a relatively less sheltered area. 

Section D: Above the tree line, topography is a key influence on snow depth with 

significantly higher snow depths in the relatively sheltered topographic hollow, 

where blowing snow accumulates, than Section E, an exposed mountain top from 

which snow is blown by strong winds. 

 Below the tree-line on the steep valley sides, snow depth is more variable in 

the forested areas than in the clearings, likely due to the more homogenous landscape 

in the clearings with vegetation cleared for farming. In the forested areas, the ground 

is not cleared of scrub below the canopy and trees of varying size and density result 

in different volumes of snow being intercepted. Above the tree line in the unsheltered 

tundra, the landscape is less homogenous than the farmed clearings with topographic 

variations resulting in larger variation in snow depth as a result of higher wind 

speeds distributing greater volumes of snow across the landscape. In addition, the 

small size of the farmed clearings (approximately 200-400m in length and 200m 

wide) at lower and mid-elevations means that the surrounding forest provides some 

shelter, as do the steep valley sides, with a smaller wind fetch relative to the open 

tundra on the mountain top. Similar patterns between measured snow depth, 

elevation and vegetation type are found along transects 2 and 3 and are displayed and 

summarised in Appendix H. 

Mid-melt period 

Snow measurements along the sunny and shady transects on Heidal valley sides were 

also taken in the mid-melt period on a second fieldwork trip from 22nd April to 2nd 

May 2010. The differences in snow cover on the sunny and shady sides of the valley 

were observed in the field. On the shady valley side, snow cover remains both in the 

clearings and at low elevations, in addition to in the shaded forest, whereas on the 

sunny side the ground is snow free at lower elevations in both the clearings and 

forest, and at mid-elevations in the clearings. This is clearly shown in the field 

photographs in Figure 5.28.
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Figure 5.28: Mid-melt (24th April 2010) fieldwork photographs 
illustrating snow cover differences between the sunny and shady 
Heidal valley sides

Measured snow depth along each transect in the mid-melt period is plotted against 

vegetation type in Figures 5.29 to 5.31 and analysed, with the results from the pre-

melt period also presented as a comparison. 

Figure 5.29: Variation in measured snow depth with elevation and 
vegetation type change on sunny side transect 1 in pre-melt (trip 1) 
and mid-melt (trip 2) periods
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In the mid-melt period, the ground is snow free at low elevations of 400 - 600m.a.s.l. 

in the farm clearings, with only patchy snow cover in the mid-elevation forest and 

clearings at 700 - 900m.a.s.l. Patches of snow in the cleared areas are located in 

topographic hollows where greater snow depths accumulate over the winter, and in 

relatively shaded areas receiving less direct radiation. In forested areas, snow depths 

are lower (and sometimes zero) in the immediate vicinity of larger tree trunks which 

emit radiation melting the snow. The ground remains snow covered in the high 

altitude clearings and forest above 900m.a.s.l. and above the tree line where 

temperatures are lower, but with snow free patches where direct radiation above the 

tree line melts the very shallow snow pack on the exposed topographic mountain top 

at approximately 1200m.a.s.l. 

Figure 5.30: Variation in measured snow depth with elevation and 
vegetation type change on sunny side transect 3 in pre-melt (trip 1) 
and mid-melt (trip 2) periods 

In the mid-melt period, measured snow depth along sunny side transect 3 shows a 

similar pattern to sunny side transect 1, with snow free clearings at low elevations 

below 600m.a.s.l., patchy snow cover in clearings and forested areas at mid-

elevations of 700 - 900m.a.s.l., and snow covered ground at higher altitude forest and 

cleared areas at approximately 1000m.a.s.l. 
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Figure 5.31: Variation in measured snow depth with elevation and 
vegetation type change on shady side transect 2 in pre-melt (trip 1) 
and mid-melt (trip 2) periods

Along the shady valley transect, patchy snow cover remains in the low elevation 

clearings and the ground remains snow covered in the low elevation forested areas 

(400 - 600m.a.s.l.), with the exception of two measurements taken directly below 

dense canopy trees with large warm trunks. At mid-elevations of 700 - 900m.a.s.l. 

the ground remains snow covered in both clearings and forested areas, and similarly 

at higher elevations at and above the tree line (above 900m.a.s.l.) snow depths 

remain above 50cm in the forest and open areas. Snow depth plotted against 

elevation for all three transects in the pre-melt and mid-melt periods is plotted and 

compared in Figure 5.32. 

RESULTS and ANALYSIS: Chapter 5 Empirical Results and Analysis

160



Figure 5.32: Variation in measured snow depth with elevation and 
vegetation type change on shady and sunny transects in the pre-melt 
(trip 1) and mid-melt (trip 2) periods

In the pre-melt period, snow depths on the sunny and shady transects are similar for a 

given elevation and vegetation type, for example in the low elevation farm clearings 

at 400 - 500m.a.s.l. and the mid-elevation forested areas at approximately 900m.a.s.l. 

In the mid-melt period, however, it is clear that snow depths are greater on the shady 
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transect relative to the sunny transect in both forest and clearings at similar 

elevations, due to the reduced direct radiation resulting in a slower melt rate. 

5.3.3. Measured snow density

Snow density was measured at 50m intervals along each transect, a lower spatial 

resolution to snow depth which was measured at 5m intervals. The measured snow 

density for all transects is illustrated in Figure 5.33, differentiated by vegetation type 

of forest or cleared area. 

Figure 5.33: Variation in measured snow density with elevation and 
vegetation type change on shady and sunny transects in the pre-melt 
(trip 1) and mid-melt (trip 2) periods
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Mean density across all transects is greater in the clearings than forested areas in 

both the pre-melt and mid-melt periods as expected, due to the development of dense 

surface wind crusts on snow in the relatively unsheltered clearings. Measured snow 

density on each individual transect is displayed in Appendix H. Nearer to the tree 

line at approximately 1000m.a.s.l., the snow in the forested area is of a higher 

density than at lower elevations as the trees become more sparse and provide less 

shelter. Above the tree line, snow in the sheltered topographic hollow at 

approximately 1100m.a.s.l. has a lower density similar to the forested areas, with 

higher densities recorded towards the exposed mountain peak. At mid-elevations, 

density measurements in forested areas and clearings are similar, perhaps due to the 

small size of the clearings resulting in lower fetch distance and wind speeds 

preventing dense wind crusts developing. In the mid-melt period, the land is 

generally snow free at lower elevations with only patchy cover on the shady transect, 

preventing the measurement of snow density. Snow density increases between the 

pre-melt and mid-melt periods, with mean density in the clearings increasing by 

62kg m-3 and in the forest by 66.5kg m-3. Density increases as snow crystals 

metamorphose over time, with the weight of the overlying snow, and as the snow 

ripens and nears melting. Differences in snow density according to vegetation cover 

are less distinguishable in the mid-melt period, likely because the snow across the 

landscape is at various stages of melt, with snowpacks nearer melting having a 

greater density. 

5.3.4. Snow Water Equivalent (SWE)

SWE is calculated for each snow depth transect point (5m spatial resolution) using 

the nearest density measurement (50m spatial resolution) of similar vegetation type. 

SWE is plotted against elevation and according to vegetation type in Figure 5.34 for 

all transects in the pre-melt and mid-melt periods, and is displayed individually for 

each transect in Appendix H. Variations in SWE are analysed with reference to the 

variations in measured snow depth and density along each transect (Figures 5.32 and 

5.33) as a result of topographic and vegetation change.
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Figure 5.34: Variation in measured SWE with elevation and 
vegetation type change on shady and sunny transects in the pre-melt 
(trip 1) and mid-melt (trip 2) periods

In the pre-melt period, SWE is greater in the low-elevation (400 - 700 m.a.s.l.) 

clearings with relatively higher density and depth than the low elevation dense pine 

forest, where low density and depth (as a result of canopy interception) in the forest 

results in a low SWE. At mid-elevations (700 - 1000m.a.s.l.) there is generally 

greater variation in SWE in the forest than clearings, with low forest SWE values 
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observed in the field as being the result of low snow depth (and density) when 

located directly under a dense canopy tree which intercepts the snow. The lack of 

clear distinction in SWE between forest and clearings at mid-elevations reflects the 

lack of distinction in depth and density, perhaps due to the small sized clearings of 

200-400m2 (relative to the open areas at the valley bottom and above the treeline) 

with short fetch and closely surrounded by sheltering forest. Higher SWE values are 

recorded in the forest at the tree line (approximately 1000m.a.s.l.) where both high 

depths and densities are recorded due to less dense forest, relative to the low SWE in 

the dense forest at low elevations. Low SWE is recorded on the topographic crest 

just before 1100m.a.s.l. where the high snow density does not compensate for the 

low snow depths at this exposed location. Higher SWE is found in the topographic 

valley (at approximately 1100m.a.s.l.) above the treeline relative to the majority of 

the open tundra, due to the higher depths accumulating in the relatively sheltered 

hollow. In addition, high SWE is recorded at the highest altitude as a result of 

outlying high density measurements, likely due to the lowest temperatures and 

greatest exposure at this location resulting in dense wind crusts forming on the snow 

surface. 

 In the mid-melt period, on the sunny transects no snow cover exists in the 

low elevation clearings (400-700m.a.s.l.). Patchy snow cover in the shady transect 

low elevation clearings has similar SWE to the low elevation dense forest area on the 

sunny side, due to the snow in the sunny side forest area having a higher density 

likely because the snow pack is near melting. At mid-elevations (700 – 1000m.a.s.l.), 

SWE measurements on the shady side are higher than measurements on the sunny 

side in both clearings and forested area. This matches the snow depth pattern, with 

greater depths remaining on the shady valley side due to lower melt rates as a result 

of less direct radiation. Density generally increases between the pre-melt and mid-

melt period, and maximum SWE measurements are higher in the mid-melt period as 

a result. At the highest elevations (over 1000m.a.s.l.), the temperatures remain low 

enough that the snow pack has not melted, and the pattern of measured SWE is 

similar to that in the pre-melt period although slightly higher in magnitude due to the 
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general increase in density. The pattern of SWE at high elevations matches that of 

snow depth, with higher SWE recorded in the sparse forest at the tree line compared 

to the forested exposed topographic ridge, and higher SWE recorded in the 

topographic hollow at approximately 1000m.a.s.l. relative to the open exposed area 

above the tree line. 

5.3.5. Snow depth, density and SWE relationships

The relationships between snow depth, density and SWE along all transects in both 

pre and mid-melt periods are displayed in Figure 5.35 and categorised into clearing 

or forested areas according to field observations. 

Figure 5.35: Measured snow depth, density and SWE relationships 
according to vegetation type in Heidal valley
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SWE is positively correlated with snow depth and density, as expected since SWE is 

a function of the two variables. The plots do not show a clear differentiation between 

the physical characteristics of snow in forested and clearing areas. This is because 

the small sized clearing areas and dense canopy of low elevation forest results in 

varying snow depths and densities for a given vegetation type. There is no 

correlation between snow depth and density likely due to vegetation and local 

topographic variations. For example, high snow depths in relatively sheltered 

forested or topographic areas often have lower snow densities, but high snow depths 

in open unsheltered areas can have higher snow densities due to the development of 

dense wind crusts. Again, there is no clear differentiation between forested and open 

areas due to variations in snow depth and density within a given vegetation type, as a 

result of both small clearing sizes and wide open areas and both dense tree canopies 

at low elevations and sparse tree cover at higher elevations.  

5.3.6. Discussion with local farmers

In depth discussions with local farmers and the forestry manager revealed that the 

2009-2010 winter was the coldest prolonged winter period experienced in 60 years in 

Heidal valley. Snow melt started at the beginning of April in Heidal valley and the 

lower farm clearings on the sunny side were observed to be completely clear of snow 

by the 17th-18th April 2010. In the previous 2008-2009 hydrological year, however, 

snow started melting as early as 15th March. This illustrates the variability in the 

timing of the spring melt. 

5.3.7. Snow pack properties

The 2009-2010 winter was particularly cold and therefore there were no usual mid-

winter melt periods. The data obtained from four snow pits dug across Heidal valley 

transects in both forested and clearing areas are presented in Table 5.2. Snow tube 

measurements were also taken alongside each snow pit to compare the different 

methods of measuring density.
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Table 5.2: Snow pit measured data at 4 sites along the Heidal valley 
transects

Snow pit Depth of 

layer from 

ground (cm)

Density of 

layer (kg m-3)

Snow tube 

density (kg m-3)

Observations

Pre-melt clearing

Pre-melt forest

Mid-melt clearing

Mid-melt forest

57.5 – 47.5 171 No visible layers

47 – 37 208 Large crystals

34 – 24 204

21 – 11 225

10 – 0 270 Depth hoar

Average 216 135

52 - 42 222 No visible layers

36 - 26 255 Big, columnar crystals

17 - 7 170 Depth hoar

Average 216 144

57 - 47 414

45 - 35 406

36 - 26 398

25 - 15 413 15 – 19cm:
layer of buried surface depth hoar

12 - 2 418

Average 410 254

58 – 48 405 No visible layers

43 – 33 329 Large crystals to base

30 – 20 349

12 - 2 306

Average 347 215

The snow observed in the snow pits reflects the lack of mid-winter melt with no ice 

layers, and is very sugary with large crystals in both the forest and clearings. General 

observation along all transects found the snowpack with this structure difficult to 

walk through and rarely supported human weight in both forested areas and 

clearings. This reflects the lack of dense wind crust developing on the snow surface 

in the relatively small clearings with small fetch. Above the tree line, however, dense 

wind crusts were observed at the highest altitudes on transects 1 and 2, in windy and 
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exposed areas where the snow supports human weight. Snow pit measurements in 

the pre-melt period show that snow density increases with depth through the 

snowpack towards the ground. This is the result of snow increasing in density with 

time and the weight of the overlying snow pack resulting in metamorphosis of the 

crystals. At the base of the snowpack, however, density is lower where large depth 

hoar crystals are found. In the mid-melt period, density is highest at the surface of 

the snowpack, likely because the snow is nearer melting point as it is exposed to 

incoming radiation. Snow density is similar in the forest and small sized clearing 

snow pits, but in the mid-melt period is higher in the clearing where the snow is 

more likely to be nearer melting point with more direct radiation. The snow tube 

density measurements taken directly next to the snow pits are on average 77kg m-3 

less dense in the pre-melt period than the snow pit densities, and 144kg m-3 less 

dense in the mid-melt period. Snow tube measurements are made by weighing a core 

of the total depth of the snowpack, rather than calculating the density of each 10cm 

layer. This difference in method likely accounts for the difference in densities. This 

comparison is made for interest, since all density measurements along the transects 

are taken using the snow tube and differences are therefore relative.

5.3.8. Measured snow cover at Heidal valley - summary

Snow depth is more variable below the treeline in the less homogenous forest 

landscape than the farmed clearings, with greater snow depths generally measured in 

the relatively sheltered forest except when the tree canopy is so dense as to intercept 

large volumes of snowfall. At higher elevations on the edge of the tree line, the trees 

are more sparse and therefore snow depths are similar in the forest and open 

windswept tundra. In the open tundra, topographic variation and higher wind speeds 

with greater fetch result in a greater variation of snow depth relative to the farmed 

cleared areas at lower elevations. Snow melts at a faster rate in clearings which 

receive direct radiation, and the ground remains snow covered for longer in the 

forested areas. Snow melts at a greater rate at lower elevations which are warmer in 

temperature, especially on the sunny side where the farm clearings adjacent to the 
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river are snow free at the same time as patchy snow cover remains on the shady side. 

Snow density is generally greater in exposed wind swept areas where dense wind 

crusts develop, particularly at the farm clearings along the open base of the valley 

and above the tree line, whereas in relatively sheltered forested areas and 

topographic hollows snow density is lower. Snow density is similar in forested areas 

and mid-elevation clearings of approximately 200-400m2 due to the small size of the 

clearings resulting in a small fetch length and shelter from the surrounding forest, 

which prevents the development of a surface wind crust. Snow density increases over 

time with metamorphosis of the crystals and ripening of the snow pack as it nears 

melt, resulting in variable snow density in the melt period across the landscape. 

The pattern of SWE measurements generally follows the snow depth 

variation according to elevation, vegetation cover and shady and sunny side 

differences. In the pre-melt period, lower SWE measurements are recorded in dense 

forest at low elevations, relative to clearings, where the canopy intercepts snow. At 

mid-elevations SWE is similar in forested areas and clearings, likely due to the small 

sized clearings of 200-400m2 (relative to the open areas at the valley bottom and 

above the treeline) with short fetch and closely surrounded by sheltering forest. In 

the mid-melt period at low elevations, however, SWE is similar in clearings on the 

shady side to forested areas on the sunny side since the snow melts at a greater rate 

on the sunny side. At mid-elevations, SWE is greater on the shady side than sunny 

side where snow melts at a greater rate, in both the clearings and forest. At the 

highest elevations where temperatures are lowest, the pattern of SWE is similar in 

the pre-melt and mid-melt periods because only minimal snow melt has occurred, but 

the magnitude of SWE is higher in the mid-melt period due to the increase in snow 

density over time. SWE at high elevations is greater in the sparse forest and 

topographic hollow above the tree line, and lower on the sparse forest topographic 

ridge and exposed mountain top. 
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5.4. Comparison of snow cover at Abisko and Heidal valley

Snow distribution across the Abisko landscape clearly differs according to vegetation 

and topography, with greater snow depths and SWE measured in the relatively 

sheltered forested areas and in topographic hollows and lee slopes in open areas. 

Dense wind crusts develop in the open areas and above the tree line, resulting in 

higher density measurements relative to snow in forested areas. The Abisko 

landscape is relatively open and exposed compared to the steep sided Heidal valley, 

and the forested areas are birch trees which provide shelter but do not have a winter 

canopy to intercept significant volumes of snow. The open areas in the Abisko 

landscape are relatively larger in size of over 1km2 and are therefore exposed with a 

long fetch, allowing open area snow characteristics and distribution (high snow 

density, low variability, ice layers and low snow depth) to develop. In Heidal valley, 

the distribution of snow is more complex, with dense tree canopies intercepting snow 

and resulting in low snow depths in forested areas. The smaller sized clearings of 

200-400m2 do not allow for a long fetch and are relatively sheltered compared to the 

open areas in the Abisko landscape, therefore there is little significant difference 

between snow distribution characteristics in the forested and clearing areas in the 

Heidal valley landscape. It is in the snow melt period that the differences in direct 

radiation resulting from varying aspect and vegetation cover result in different snow 

melt rates on sunny slopes and in clearings. 

The key factors that influence snow distribution across sub-arctic landscapes 

are wind speed and direction, topography, vegetation cover including the size of 

clearings or open areas, and vegetation type such as density of the canopy. The key 

variables influencing the rate of snow melt, and the timing at which the ground is 

snow free, are the elevation in terms of temperature decrease with altitude, aspect in 

terms of direct radiation received, and vegetation cover with trees providing shelter 

from direct radiation. Determining how snow varies across these different physical 

landscapes gives a greater understanding of the interactions between local 

communities and the landscape. This knowledge can be used to project both local 

future changes in snow cover as a result of expected climate change and the potential 
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impact on local populations. In addition, possible measures can be suggested to 

mitigate against the impact of potential future variations in snow cover. The spatial 

and temporal variation of the key variables identified as influencing snow cover are 

simulated in the numerical snow model. An understanding of how snow distribution 

and melt varies across these known sub-arctic landscapes can be used to verify and 

analyse snow model output across unknown landscapes such as medieval Norse 

Greenland, and to understand the impact changes in climate and vegetation may have 

on snow cover.
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Chapter 6

Modelled Snow across Norse Greenland

6.6

6.1. Past climate extremes and temporal variation

The climate input into the snow model is described in Chapter 3 of this thesis, which 

details the correction of GCM data to current observed data from three DMI 

meteorological stations: Narsarsuaq (inner fjord); Qaqortoq (outer fjord); and 

Nanortalik (southern coast). Favourable and unfavourable climate scenarios for 10 

year time periods within AD 1000-1100 (Norse initial settlement), AD 1100-1300 

(Norse survival) and AD 1300-1500 (Norse abandonment) are determined according 

to precipitation and temperature extremes. Favourable years in the context of this 

thesis are considered those with the least snow cover (low spring and annual 

precipitation and high temperatures), and conversely, unfavourable years are those 

with the greatest snow cover (high spring and annual precipitation and low 

temperatures). The snow model is run for each time period with the favourable and 

unfavourable climate scenario input data at 21 model areas across the Eastern 

Settlement in southwest Greenland (see Figure 3.12). Brief analysis of the GCM data 

favourable and unfavourable scenario mean climate variables in Chapter 3 identifies 

that the Norse experienced the greatest range of extreme temperatures, precipitation 

and wind speeds in the survival and abandonment periods (AD 1100 - 1500) relative 

to the initial settlement period (AD 1000 - 1100), with greater maximum 
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precipitation extremes, colder minimum temperature extremes and higher maximum 

wind speed extremes. The cumulative snowfall climate scenario data are plotted in 

Figure 6.1 for the favourable and unfavourable scenarios of each time period for the 

inner fjord location to further analyse the differences. Data are presented as the daily 

mean of the 10 year scenario data. Data for the outer fjord and south coast scenarios 

are plotted in Appendix I. 

Figure 6.1: Favourable and unfavourable cumulative snowfall 
scenarios for inner fjord location (DMI station Narsarsuaq) 

Precipitation is defined as snow or rain according to a 275.15 K (2ºC) temperature 

threshold, therefore the cumulative snowfall is determined by both precipitation and 

temperature. There is little difference between cumulative snowfall for the 

favourable year scenarios, with similar extreme low snowfall years occurring in each 

time period. The difference in favourable scenario annual cumulative snowfall 

between each time period is 30mm. There is also little difference in cumulative 

snowfall between the unfavourable scenarios of the AD 1100-1300 and AD 

1300-1500 time periods, with the major difference in cumulative annual snowfall of 

100mm occurring between the AD 1100-1500 time periods (survival and 

abandonment period combined) and the AD 1000-1100 initial settlement time period. 

RESULTS and ANALYSIS: Chapter 6 Modelled Snow across Norse Greenland

174



The snow model results presented in this thesis are therefore for the unfavourable 

years of the initial settlement period (AD 1000-1100) and the combined survival and 

abandonment period (AD 1100 - 1500), and for the combined favourable years which 

occur throughout Norse existence (AD 1000-1500). 

 To better understand and analyse variation in snow model output as a result of 

the different climate scenarios, the input climate scenario data for the key variables 

temperature and precipitation are plotted in Figures 6.2 and 6.3 for the inner fjord 

location (Narsarsuaq). Data is presented as the daily mean of the 10 year scenario 

data. Climate plots for outer fjord (Qaqortoq) and southern coastal (Nanortalik) 

locations show similar patterns and are presented in Appendix I.

Figure 6.2: Model input cumulative snow for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenario at 
inner fjord locations (Narsarsuaq) 

Snowfall is greater in the two unfavourable scenarios compared to the favourable 

scenarios in all months of the year, with very little summer snowfall from May in the 

favourable scenarios and from June in unfavourable scenarios. Cumulative annual 

snowfall is greater in the extreme unfavourable years of the survival and 
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abandonment period (AD 1100-1500) relative to the unfavourable years of the initial 

settlement period (1000-1100 AD).

Figure 6.3: Model input temperature for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenarios 
at inner fjord locations (Narsarsuaq) 

The key differences in temperature occur in the winter months, with the favourable 

extreme years significantly warmer than the unfavourable years from October to 

May, inclusively. The average temperature in the favourable extreme years nears 0ºC 

(the snow melt threshold) in the winter months implying that mid-winter snow melt 

occurs in some years. Observations by archeologists in the field record that the 

ground is snow free for periods in mid-winter, especially when warm katabatic winds 

melt the snow. Similarly, temperatures in the unfavourable scenarios of the AD 

1000-1100 and AD 1100-1500 time periods are similar in the summer months from 

March to October, inclusively, but differ significantly in the winter months between 

November and February with lower winter temperatures in the AD 1100-1500 time 

period.
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6.2. Past climate spatial variation 

It is observed in the Chapter 3 of this thesis that coastal locations experience less 

variation in annual temperature with warmer winters and cooler summers relative to 

inner and outer fjord locations, and outer fjord locations experience higher 

precipitation in both summer and winter months relative to the inner fjord locations. 

To better understand and analyse variation in snow model output across the Eastern 

Settlement landscape, the model input climate data differences between inner fjord 

(Narsarsuaq), outer fjord (Qaqortoq) and southern coast (Nanortalik) locations are 

presented in Figures 6.4 and 6.5 for the unfavourable survival and abandonment AD 

1100-1500 time period. Similar climate spatial variability is observed in the 

favourable (AD 1000-1500) and unfavourable initial settlement (AD 1000-1100) 

time period scenarios, and the comparison plots of temperature and cumulative 

snowfall are displayed in Appendix I.

Figure 6.4: Model input temperature for the unfavourable survival 
and abandonment (AD 1100 - 1500) scenario at inner fjord, outer fjord 
and southern coast locations 

The greatest difference in temperature between locations occurs in the winter months 

between November and March inclusively (when south coast locations are warmest) 
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and the summer months between May and August inclusively (where inner fjord 

locations are warmest). 

Figure 6.5: Model input cumulative snowfall for the unfavourable 
survival and abandonment (AD 1100 - 1500) scenario at inner fjord, 
outer fjord and southern coast locations 

Cumulatively, a greater volume of snowfall occurs in outer fjord locations relative to 

south coast locations in all climate scenarios. Snowfall in inner fjord locations is 

significantly less than outer fjord locations in the unfavourable climate scenarios, but 

is similar to outer fjord locations in the favourable climate scenario (see Appendix I). 

The spatial variability of monthly temperature and precipitation is presented 

alongside the monthly regional snow model output results, to both give context to the 

results and allow for analysis of snow output with reference to the climate variability. 

 Model calibration and validation analysis (Chapter 4) indicates that the model 

simulates the timing of snow melt accurately and with more consistency than the 

peak snow magnitude, therefore model results are presented as the length of time 

over which the ground is snow covered. In addition, since the model is calibrated to 

snow depth in the current climate, not SWE, and temporal and spatial parameter 

transfer is relatively more reliable for snow depth output compared to SWE, further 

results analysis focuses on variations in snow depth, with RMS errors between 
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simulated and measured snow depth expected to be less than 28cm for an extreme 

climate year. 

6.3. Regional snow variability during Norse occupation of the  

Eastern Settlement

The output model results are firstly presented for all model areas regionally across 

the Eastern Settlement as the 10 year monthly average number of days the ground is 

snow covered (maximum 30 days). This regional presentation allows for analysis of 

snow cover variability spatially across the Eastern Settlement as well as temporally 

and with different climate scenarios. The model results are presented for the key 

spring melt months of April, May and June for the favourable and unfavourable 

climate scenarios, and are analysed with reference to differences in climate and 

topography. Results for the remaining months of the year are presented in Appendix J 

and analysed in the text below. Analysis of snow cover focuses on low altitude 

(below 300m.a.s.l.) and mid-altitude (300 - 750m.a.s.l.) locations where the majority 

of Norse homefield and grazing areas are located, respectively. Note that the 

following results Figures 6.6 to 6.14 are presented in landscape format. 
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6.3.1. Spring snow cover

Snow cover variability in the spring months across the Eastern Settlement presented 

in Figures 6.6 to 6.14 is summarised in Table 6.1, where the range in monthly 

number of days the ground is snow covered at low-altitudes (Norse homefields), 

mid-altitudes (Norse grazing areas and outfields) and high-altitudes is summarised 

for the favourable and unfavourable climate scenarios. Orange and red colours 

indicate the highest monthly snow cover, which occurs most often at high altitudes 

and in the most unfavourable climate of the survival and abandonment period (AD 

1100-1500). Grey and blue colours indicate the lowest monthly snow cover, 

occurring most often at low altitudes and in the favourable climate extreme scenario. 

Table 6.1: Spring variability in monthly number of snow covered days 
between different altitudes and climate scenarios.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

Norse homefield areas in spring

Snow cover is generally greatest at outer fjord sites where temperatures are lower in 

the spring months and precipitation is greater. Snow cover is least extensive at south 
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coast sites where temperatures are higher in the spring months and snowfall is lower.  

At low altitudes in the spring melt period where the majority of Norse homefields are 

located, snow cover is significantly lower in the favourable climate periods with less 

than 10 days snow cover in April and snow free in May and June at all locations 

across the landscape. In the unfavourable climate of the initial settlement period, 

snow cover is significantly greater lasting on average 20 days in April and May in 

outer fjord locations and on average 15 days in inner fjord locations. Snow cover 

also occurs in June in the unfavourable climate of the initial settlement period, 

although is limited to less than 5 days. In both the favourable climate and 

unfavourable climate of the initial settlement period, south coast sites such as 

Sandhavn experience less snow cover than inner and outer fjord sites further north. 

At Sandhavn, the ground is snow free all spring in the favourable climate, and has 

less than 10 days cover in April and May and is snow free in June in the 

unfavourable climate of the initial settlement period. Snow cover in the unfavourable 

climate of the survival and abandonment period is greater than in the unfavourable 

climate of the initial settlement period, with snow cover lasting on average 10 days 

longer in April and 5 days longer in May than in the initial settlement period. Snow 

cover in June in the unfavourable climate of the survival and abandonment period is 

limited to less than 5 days at all locations, similar to the unfavourable climate 

experienced in the initial settlement period. 

Norse grazing areas in spring

Snow cover is generally greater at higher altitude areas where temperatures are 

lower, precipitation greater and a higher proportion of precipitation falls as snow. 

The highest altitude areas occur towards the internal ice sheet, with topography 

decreasing towards the coast. Mid-altitude areas are generally snow covered for 

longer than the lower altitude homefield sites where snow melt occurs earlier. In the 

favourable climate years, snow cover lasts for 5-10 days at inner fjord and south 

coast sites and 10-20 days at outer fjord sites in April, melting to less than 5 days in 

May and no snow cover in June. This is on average 5 days longer than at low-altitude 

locations. Snow cover is significantly greater in the unfavourable climate years of the 
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initial settlement period, with snow cover lasting 30 days in April and 25 days in 

May in some mid-altitude areas. Outer fjord locations experience the greatest snow 

cover, lasting approximately 5 days longer than inner fjord locations and 10 days 

longer than south coast locations in the unfavourable climate of the initial settlement 

period. Even in June, no areas are snow free for the whole month with snow cover 

lasting 5-10 days at all locations in the unfavourable climate of the initial settlement 

period. Snow cover is even greater in the unfavourable climate of the survival and 

abandonment period with snow cover lasting 20-30 days at all locations in April and 

May, approximately 5-10 days longer than in the unfavourable climate of the initial 

settlement period. In June, snow cover in the survival and abandonment period lasts 

on average 5 days longer than in the unfavourable climate of the initial settlement 

period, lasting 10 days at south coast and inner fjord sites and ranging from 10-25 

days at outer fjord sites. 

6.3.2. Autumn snow cover

Snow cover variability in the autumn months (September to November) across the 

Eastern Settlement presented in Appendix J is summarised in Table 6.2, where the 

range in monthly number of days the ground is snow covered at different altitudes is 

summarised for the favourable and unfavourable climate scenarios. Orange and red 

colours indicate the highest monthly snow cover, which occurs most often at high 

altitudes and in the most unfavourable climate of the survival and abandonment 

period (AD 1100-1500). Grey and blue colours indicate the lowest monthly snow 

cover, occurring most often at low altitudes and in the favourable climate extreme 

scenario. 
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Table 6.2: Autumn variability in monthly number of snow covered 
days between different altitudes and climate scenarios. Grey = 0-5 
days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = variable 
between yellow and red, Red = 20-30 days

Norse homefield areas in autumn

The Norse farm sites of the Eastern Settlement are generally snow free in July and 

August, with snowfall occurring from September. The timing of the snow melt in the 

spring and when snowfall covers the ground in autumn determines the length of the 

growing season and when grazing can occur. Temperatures at the inner and outer 

fjord areas are similar in September, and from October are colder at inner fjord areas 

relative to outer fjord and south coast areas. Precipitation is greater at outer fjord 

sites, however, and therefore there is not a consistent pattern of greater or less snow 

cover at outer or inner fjord sites, unlike in spring when snow cover is consistently 

greater at outer fjord locations. In the favourable climate period, all model areas are 

mostly snow free in September and October with a maximum of 10 days snow cover, 

with significant snowfall occurring only in November with 10-20 days snow cover at 

outer fjord and south coast locations, and 20 days at inner fjord locations. In the 

unfavourable climate of the initial settlement period, snow cover is significantly 

greater at inner and outer fjord locations, relative to the favourable climate, lasting 

RESULTS and ANALYSIS: Chapter 6 Modelled Snow across Norse Greenland

192



5-20 days in September, 15-30 days in October and 20-30 days in November, with 

snow cover lasting approximately 10 days longer at inner fjord locations. At south 

coast sites, however, snowcover is similar in all climate scenarios in September and 

October with less than 10 days snow cover. In November at south coast sites, there is 

an approximate 5 day increase in snow cover between climate scenarios, with 10-20 

days in the favourable climate scenario and 20 days in the unfavourable climate of 

the survival and abandonment period. In the unfavourable climate of the survival and 

abandonment period, September snowcover is not greater than in the unfavourable 

climate of the initial settlement period, but in October and November lasts for 

approximately 5 days longer than in the initial settlement period. In the unfavourable 

climate of the survival and abandonment period, snow cover lasts for 20-30 days at 

inner and outer fjord locations in October and November. Significant snowfall in the 

favourable climate periods and at south coast sites such as Sandhavn occurs for the 

first time in November, whereas at inner and outer fjord locations significant 

snowfall in the unfavourable climate scenarios occurs in October, approximately one 

month earlier. 

Norse grazing areas in autumn

In the favourable climate years, snow cover lasts for less than 10 days at all sites in 

September, and generally less than 15 days in October. In both September and 

October in the unfavourable climate of the initial settlement period, however, snow 

cover lasts for between 20-30 days at inner fjord sites, 15-20 days at outer fjord sites 

and 10-20 days at south coast sites. In the unfavourable climate of the survival and 

abandonment period, snow cover is similar in September to snow cover in the initial 

settlement period, and lasts for approximately 10 days longer in October. In 

November, the ground is snow covered for 20-30 days at all sites in both 

unfavourable climate periods. Significant snow cover at mid-altitudes in favourable 

climate periods first occurs in November, whereas in both unfavourable climate 

periods significant snowfall occurs in September, approximately 2 months earlier. 
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6.3.3. Snow free summer period

The ground is mostly snow free from April to October in the favourable climate 

periods experienced at the low altitude homefields, but at inner and outer fjord 

locations in the unfavourable climate periods is only snow free from June to 

September, a reduction of three months (see Appendix J). At south coast sites such as 

Sandhavn, the homefields are mostly snow free from April to October in both the 

favourable climate and the unfavourable climate of the initial settlement period, and 

from May to October in the unfavourable climate of the survival and abandonment 

period, which is a reduction of one month only.  

6.3.4. Winter snow cover

In favourable climate periods, mid-winter snow melt occurs in the winter months 

(December to March, see Appendix J). This is observed in the current climate by 

Greenland field researchers, and is observed to especially occur when warm 

katabatic winds (which are not represented in the GCM resolution) from the ice sheet 

melt the snow in a matter of days. In favourable climate periods in December, for 

example, snow cover lasts for less than 10 days in the majority of locations. In the 

unfavourable climate of the survival and abandonment period, however, snow cover 

generally lasts for 30 days from December to March, especially in the inner fjord 

locations where winter temperatures are coolest and snow cover greatest in the 

winter months. 

The frequency at which these simulated favourable and unfavourable extreme 

climate periods occurred throughout Norse occupation of the Eastern Settlement is 

discussed with reference to secondary climate analysis in the Chapter 7 of this thesis, 

alongside the impact such extremes of snow would have had on Norse seasonal 

activities at a human scale. 
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6.4. Local snow variability at key Norse settlement sites

For more in depth analysis, the model results for key Norse settlement sites are 

presented individually in order to analyse snow cover and snow depth at a human 

scale in relation to variations in topography, vegetation cover, wind speed and site 

location. The focus model areas are chosen based on the availability of 

archaeological data, including mapping of Norse ruins and analysis of landscape 

change, and to reflect the different local climates of inner fjord, outer fjord and south 

coast. The focus model areas (shown in Figure 3.12) are model area E (including 

Norse settlement site Garðar), model area O (including Norse settlement sites E78 

and E78a) and model area Sandhavn, with wind and vegetation scenario output 

analysed at both model area E (Garðar) and model area C (including Norse 

settlement site Brattahlið). Published archaeological data and ruin maps are not 

available for Model area O (including E78 and E78a), but is chosen as an example of 

a smaller, relatively high altitude, outer fjord site in contrast to the elite, lower 

altitude inner fjord site at Garðar and south coast larger ruin group at Sandhavn. For 

each key Norse settlement site, results are presented monthly for April, May and 

June as the average number of days covered in snow for the entire modelled area, 

covering possible upland grazing sites and river watersheds, and also as the mean 

monthly snow depth at a smaller scale focused on the homefields with the 

archaeological ruins mapped. The smaller scale snow depth focus area is indicated by  

a yellow outline on the entire model area results. Mean monthly snow depth across 

each modelled area for each month of the year at the key Norse settlement sites is 

presented in Appendices K to M. When analysing the climate scenario results in 

relation to vegetation height, a ‘low’ vegetation height refers to vegetation below 

15cm and a ‘high’ vegetation height above 15cm. At Garðar (model area E), 

Brattahlið (model area C) and Sandhavn, a summary of the archaeological research 

specific to each site is given so that the results are presented in the context of Norse 

human activities at that site.  
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6.4.1. Modelled snow cover at Garðar (model area E)

Garðar lies at the head of Igaliku fjord strategically at the centre of the Eastern 

Settlement (Massa et al., 2012). Garðar became the episcopal seat of Greenland in 

AD 1123, consecrated by the arrival of the first bishop two years later (Krogh, 1967) 

and is also recorded as being the location of the general assembly for Greenland 

(Halldorsson, 1978). Garðar was therefore a high status farmstead at which 52 Norse 

archaeological structures have been recorded, including large byre-barn complexes, 

animal pens and enclosures, sheep/goat houses and an irrigation system attached to 

fodder production (Norlund and Roussell, 1929). It is likely that Garðar was the 

largest holding of livestock in Norse Greenland, since the bishop’s farms could host 

over 100 head of cattle in addition to goats and sheep (Christensen-Bojsen, 1991). 

The extended winter stalling of between 75 and 100 cattle (Norland, 1936), not 

including sheep and goats also known to have been kept at Garðar (Degerbol, 1929), 

would have required large amounts of hay fodder. Roussell (1941) indicated that the 

winter fodder needs of one dairy cow requires the hay yield of 1 ha of land. Even if 

this is an overestimation, requirements of the stalled cattle at Garðar would be far in 

excess of the area of homefields at Garðar, which are estimated to cover 

approximately 15 ha (Norland, 1929; Buckland et al., 2009). It is likely that fodder 

was collected from a much wider area than just the homefield, and that manure 

application on the hayfields as fertiliser was an essential activity (Norland, 1936). A 

major problem with hay growth in Greenland is the frequency of the summer drought 

(Norland, 1936), and the evidence at Garðar suggests that a water management 

regime, with supply being stored behind dams noted on several streams above the 

site (Rousell, 1941), was used to irrigate the homefields (Ingstad 1959; Buckland et 

al., 2009). The last bishop known to have resided at Garðar died in AD 1378 

(Arneborg, 2007), and the last mention of Garðar is in AD 1409 in connection with a 

letter affirming the publication of banns for a wedding at Hvalsey church the 

previous year (Halldorsson, 1978). 

 In the snow model results presented in Figures 6.15 to 6.31, archaeological 

Norse ruins and irrigation ditches and dams at Garðar are mapped according to 
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Buckland et al., 2009 (which are based on maps in Ingstad, 1959, 1966, Krogh, 

1967, and Arneborg, 2007). The Lake Igaliku watershed area (indicated by a white 

dotted line) is mapped on the entire model area output figures according to Massa et 

al., 2012. Snow cover and depth analysis refers to the upland grazing areas, such as 

the Lake Igaliku watershed where soil erosion rates indicate vegetation clearance and 

intensive grazing (Massa et al., 2012, see Figure 2.6) and the homefields where hay 

fodder production and cattle over-wintering took place.
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Snow cover at Garðar - summary 

Snow cover variability in the spring months across the Garðar landscape presented in 

Figures 6.15 to 6.31 is summarised in Table 6.3, where the range in monthly number 

of days the ground is snow covered at low-altitudes (Norse homefields) and mid-

altitudes (Norse grazing areas and outfields) is summarised for the favourable and 

unfavourable climate scenarios. High altitudes (greater than 750 m.a.s.l.) are not 

found within the Garðar modelled area E. Orange and red colours indicate the 

highest monthly snow cover, which occurs most often at high altitudes and in the 

most unfavourable climate of the survival and abandonment period (AD 1100-1500). 

Grey and blue colours indicate the lowest monthly snow cover, occurring most often 

at low altitudes and in the favourable climate extreme scenario. 

Table 6.3: Spring variability in monthly number of snow covered days 
between different altitudes and climate scenarios - Garðar.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

Month/
Altitude/
Climate

Low Altitude <300 m.a.s.l.Low Altitude <300 m.a.s.l.Low Altitude <300 m.a.s.l. Mid altitude >300 & < 750 m.a.s.l.Mid altitude >300 & < 750 m.a.s.l.Mid altitude >300 & < 750 m.a.s.l. High altitude > 750 m.a.s.l.High altitude > 750 m.a.s.l.High altitude > 750 m.a.s.l.Month/
Altitude/
Climate

Favourable
AD 1000-1500

Unfavourable
AD 1000-1100

Unfavourable
AD 1100-1500

Favourable
AD 1000-1500

Unfavourable
 AD1000-1100

Unfavourable 
AD1100-1500

Favourable 
AD 1000-1500

Unfavourable 
AD1000-1100

Unfavourable 
AD1100-1500

APRIL
 Inner Fjord 0-5 5-25 10-25 <10 20-30 20-30

MAY
Inner Fjord 0 10-20 10-25 0-5 10-25 20-30

JUNE
Inner Fjord 0 0-5 0-5 0 5 <5-10

Norse homefields Norse grazing and 
outfields

In the favourable climate periods experienced by the Norse, the homefields and 

upper grazing areas have minimal snow cover in April and are snow free in May and 

June. In April, snow cover of less than 10cm lasts for less than 10 days in the upper 

grazing areas, and lasts 0-5 days at the homefields with a mean monthly depth of 

0-6cm. In contrast, in the unfavourable climate periods experienced by the Norse in 

the survival and abandonment period, the upper grazing areas are snow covered for 

10-30 days in April and May with snow depths greater than a metre at high altitudes 

and in areas of high vegetation. The homefields in the unfavourable climate of the 

survival and abandonment period are snow covered for a range of 10-25 days in 

April and May, with a mean monthly snow depth ranging from 10 - 60cm and drifts 
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of 1m deep occurring. The wide ranges in snow cover and snow depth are due to 

varying vegetation height across the landscape and topography, with deeper snow 

packs lasting for a greater length of time in higher altitude areas and where 

vegetation height is greater than 15cm. Snow cover in the unfavourable climate of 

the initial settlement period prior to AD 1100 lasts for, on average, 5-10 days less 

than in the unfavourable climate of the survival and abandonment period, and snow 

depths are 30-50cm shallower in some areas. In April on the homefields, snow drifts 

reach a maximum 1m in the unfavourable climate of the survival and abandonment 

period relative to the maximum 30cm in the unfavourable climate of the initial 

settlement period, and similarly snow depths are greater than 1m in large areas of the 

upper grazing area in both April and May of the survival and abandonment period 

but are approximately 50cm lower in the initial settlement period prior to AD 1100. It 

is only in June that the lowest altitudes are completely snow free for the duration of 

the month in the unfavourable climate of the initial settlement period with the higher 

altitude areas snow covered for 5 days with mean 10cm depth. In June in the 

unfavourable climate of the survival and abandonment period, the homefields are still 

snow covered for 0-5 days with mean snow depth of 5cm, and the grazing areas 

snow covered for 0-10 days with 10cm mean snow depth. It is observed that snow 

cover in the favourable climate in April is similar to snow cover in the unfavourable 

climate of the survival and abandonment period in June. There is, therefore, an 

approximate 2 month shift in snow conditions between the favourable and the 

unfavourable climate periods experienced by the Norse. Figure 6.32 displays the 

mean number of days the ground is snow covered at each altitude range in the 

modelled area for the favourable and unfavourable climate scenarios. 
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Figure 6.32: Spring mean number of days the ground is snow 
covered at varying altitudes at Garðar in different climate scenarios

Figure 6.32 shows the increase in snow cover with altitude as temperatures decrease. 

The minimum altitude of the modelled area at Garðar is 46m.a.s.l, and maximum 

altitude 500m.a.s.l. Mean spring snow cover in the favourable climate is less than 10 

days at all altitudes with less than 5 days snow cover below 300m.a.s.l. In contrast, 

mean spring snow cover in the unfavourable climate after AD 1100 is above 35 days 

at all altitudes increasing to 60 days at the highest altitudes, with between 25 and 50 

days cover below 300m.a.s.l. Mean spring snow cover in the unfavourable climate of 

the initial settlement period prior to AD 1100 is above 25 days at all altitudes, 

increasing to just below 50 days at the highest altitudes, approximately 10-15 days 

less than the unfavourable climate of the survival and abandonment period after AD 

1100. 

	
 Mean snow depth across the modelled area for each month of the year is 

displayed in Appendix K, and the number of snow covered days results are 

summarised in Table 6.4. 
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Table 6.4: Autumn variability in monthly number of snow covered 
days between different altitudes and climate scenarios - Garðar.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

In the favourable climate periods, mean snow depth at the homefields is zero in 

September and October and 10cm at high altitudes, with mid-winter melt periods 

occurring so that mean monthly snow depth across the modelled area from December 

to March rarely exceeds 20cm. In contrast, in the unfavourable climate scenarios the 

mean snow depth in September at the homefields is 10cm and at high altitudes 

reaches 40cm, with mean snow depth increasing to 20-60cm with occasional 1m 

drifts from October to November at low altitudes and 60-100cm at higher altitudes. 

In the unfavourable climate of the initial settlement period prior to AD 1100, mean 

snow depth is lower from January, rarely exceeding 20cm at low altitudes and 

ranging from 20-50cm at upper altitudes with drifting depths of 60-80cm in areas. In 

contrast, in the unfavourable climate of the survival and abandonment period after 

AD 1100, mean snow depth is significantly greater from December, with snow 

depths greater than 1m occuring at both the homefields and outer grazing areas from 

December to March in areas of high vegetation. 

6.4.2. Snow - vegetation scenarios at Garðar 

The pattern of modelled snow cover closely follows that of vegetation cover because 

vegetation traps wind blown snow, resulting in deeper snow packs in areas of taller 

vegetation which remain snow covered for longer. The exact pattern of vegetation 

cover during Norse existance is not known, but previous research presents evidence 

of vegetation clearance at the homefields and as a result of grazing in the upland 

areas. To quantify the impact of vegetation clearance on snow cover and depth, the 
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unfavourable climate scenario of the survival and abandonment period is modelled 

firstly with a no vegetation (0m) height scenario at Garðar and then with a high 

vegetation scenario where vegetation height is increased from 0.15m to 0.5m, and 

0.30m to 1.5m. The April results for the Garðar homefields are presented in Figures 

6.33 and 6.34.

Figure 6.33: Modelled mean snow depth with different vegetation 
heights in April at the Garðar homefields, in the unfavourable climate 
of the survival and abandonment period

It is clear that snow depth decreases significantly where there is no vegetation.  Snow 

depth in the no vegetation scenario is generally below 20cm, whereas in the low 

vegetation scenario the same areas are covered in snow of varying depths between 

30-100cm where vegetation is 30cm high. When vegetation is increased from 0.15m 

to 0.50m and from 0.30m to 1.5m, snow depth doubles (note the different scales on 

the low and high vegetation modelled outputs, necessary to observe the variation in 

snow depth). Snow depths reach 2m in drift areas in the high vegetation scenario 

compared to the low vegetation scenario, and where snow depth is 40cm at 0.15m 

vegetation height in the low vegetation scenario, depth increases to 80cm at 0.5m 

vegetation height. Similarly, in the low vegetation scenario where snow depth is 

50-60cm at 0.30m vegetation height, depth increases to 100-120cm at 1.5m 

vegetation height. Vegetation scrub clearance from 50-150cm to 15-30cm can, 

therefore, reduce snow depth significantly, in this scenario by 50%. The no 

vegetation scenario shows the impact of topography on snow depth, with the deepest 
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snow cover of 40cm located at the base of a topographic ridge where drifting snow 

collects. The topograhic ridge may have provided shelter for the farmstead, although 

snow drifts at the steep slope may have resulted in small avalanches. The effect of 

vegetation change on the number of snow covered days is shown in Figure 6.34.

Figure 6.34: Modelled number of snow covered days with different 
vegetation heights in April at the Garðar homefields, in the 
unfavourable climate of the survival and abandonment period

As a result of an increase in snow depth with vegetation height, snow cover remains 

longer in areas of taller vegetation. Snow cover lasts for 25 days in areas of 

vegetation 0.3m high and 20 -25 days in areas of 0.15m vegetation height, whereas 

with no vegetation, snow cover in the same areas lasts 10 days. Increasing the 

vegetation height results in snow cover lasting 30 days in areas of 0.5m and 1.5m 

vegetation height. Vegetation clearance from 0.5-1.5m scrub to 0.15-0.3m grassland 

can, therefore, reduce the length of time the ground is snow covered by 5-10 days. 

The no vegetation scenario again shows the influence of topography on snow cover 

duration, with snow cover at higher altitudes lasting 15-20 days compared to the 

lower altitudes of approximately 10 days. 

6.4.3. Snow - wind scenarios at Brattahlið (model area C)

Wind direction and speed determines the direction and length over which snow is 

blown across the landscape, with snow collecting in sheltered topographic areas, lee 
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slopes and high vegetation areas. Increased wind speeds are therefore expected to 

result in greater volumes of blowing snow, with greater snow depths in drift areas 

and reduced snow depths in open unsheltered areas. Climate data indicates that wind 

speeds and storminess increased after initial Norse settlement of Greenland, with 

maximum wind speeds occurring in AD 1300 (Kuljpers and Mikkelsen, 2009) and 

storminess increasing into the 15th century. To quantify the effect of wind speed 

variation on snow cover, maximum and minimum wind speed scenarios are modelled 

across the Brattahlið site with a scrub vegetation height (1.5m) scenario and a cleared 

vegetation height (0.2m) scenario. Brattahlið is located at the head of the fjord north 

of Garðar with a similar inner fjord climate, and is commonly considered to be the 

site of first settlement by Eric the Red (Erik Thorvaldsson) later developing into a 

more extensive medieval Norse settlement site with evidence of irrigation channels 

and a church, as shown in Figure 6.35 (Adderley and Simpson, 2006). The site is also 

the present day settlement of Quassiarsuk, with activities focused on sheep farming 

and limited tourism. 
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Figure 6.35: Map of medieval Norse settlement site Brattahlið 
showing Norse ruin groups, homefield area and relict channels 
(thought to be irrigation channels). Source: Figure 2 from Adderley 
and Simpson, 2006

The vegetation height scenarios are illustrated in Figure 6.36, with the approximate 

homefield area covered in 1.5m vegetation height in the scrub vegetation scenario 

and 0.2m vegetation height in the cleared vegetation scenario. 

Present-day climatic observations are made at 21 weather
stations in Greenland with the nearest and most representative
for both the study sites located at Narsarsuaq airfield, origi-
nally known as Bluie West 1 during World War II. (WMO
station no. 34270; 61 ! 100 N; 45 ! 250 W; 24 m above sea level
(asl); Fig. 1). Continuous temperature and precipitation data
have been collected at this meteorological station since
1958, with sunshine measurements taken since 1980. Standard
temperature normals for 1961e1990 are shown in Table 1
[11]. To allow for high-resolution analyses data have been
obtained and collated on a daily basis for the period 1980e
2003 from the Narsarsuaq weather station (Fig. 4aed). Com-
paring years, the maximum temperatures seen in summer vary
little whereas pronounced differences are seen in the winter
temperatures (Fig. 4a). Precipitation inputs arise from regular
small events rather than as erratic extreme events (Fig. 4b) but
shows pronounced variations in the total input (Fig. 4c). This
shows an inverse relationship with magnitude of the wind’s
speed (Fig. 4d). The two study sites are in close proximity
to each other and lie towards the head of the fjord. These sites

experience more continental climatic conditions than the
seaward end of the fjord; this is highlighted in the length of
summer period with a mean period of 115 days continuous
frost-free at Narsarsuaq compared with 68 days at Qaqortoq
(60 ! 430 N; 46 ! 030 W) [11].

Palaeo-climatic studies of Southern Greenland considering
the Norse landnám period are primarily based on the use of ice
core proxy information for, unlike Iceland, there is little or no
surviving climate history sources from the early-Norse period
[49]. For later periods, literature sources indicate that there
were prolonged cold periods, with ice restricting shipping
throughout the 14th Century [50,51]. Palaeo-temperature
reconstructions can be made from ice cores either from direct
measurement of temperature at a sequence of depths in the ice
core borehole or through considering isotopic ratios. Relative
differences in air temperatures can be inferred from analyses
of the stable oxygen isotope records in incremental ice layers.
The ice’s stable isotope ratio relative to that of Standard Mean
Ocean Water (18O/16O e commonly expressed as d18O), re-
flects the temperature of the cloud vapour, and in turn the

Fig. 2. Map of Qassiarsuk, site of the medieval Norse settlement Brattahlı́!, showing locations of Norse ruin groups, Norse home-field area, relict channel and the
permeameter measurement positions (adapted after [25,40,48]).

1669W.P. Adderley, I.A. Simpson / Journal of Archaeological Science 33 (2006) 1666e1679
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Figure 6.36: Vegetation scenarios at Brattahlið, with the homefield 
area covered in scrub vegetation (1.5m high) and cleared of tall 
vegetation (0.2m high)

Two wind speed scenarios are applied using the maximum and minimum annual 

mean wind speed years in the GCM record. The maximum average annual wind 

speed in the AD 1000-1500 record was in AD 1325-26 of 4.42 m/s, and the minimum 

average annual wind speed was in AD 1276-77 of 3.04 m/s. The model is run with 

the maximum wind speed and minimum wind speed scenarios, with both the scrub 

vegetation and cleared vegetation scenarios. The difference in modelled snow depth 

between the scrub vegetation and cleared vegetation scenarios is plotted in Figure 

6.37 for the maximum and minimum wind speed scenarios. 
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Figure 6.37: Difference in modelled snow depth between vegetation 
scenarios with homefield scrub vegetation (1.5m) and cleared 
vegetation (0.2m), with both maximum wind speed scenario and 
minimum. Blue indicates a loss of snow depth, and pink a gain in 
snow depth, as a result of clearing vegetation from scrub height to 
grass height. 

Both wind speed scenarios show a loss of snow depth in the cleared vegetation areas, 

with snow blown from the relatively unsheltered low vegetation height areas into the 

surrounding greater vegetation height areas where there is a gain in snow depth. In 

the minimum wind speed scenario, the snow is blown a shorter distance into the 

surrounding vegetation and a smaller volume of snow is blown from the cleared area, 

with the loss of snow in the cleared area generally of 10-28cm and gain of snow in 

the surrounding area a maximum of 3cm. In the maximum wind speed scenario, not 

only is the snow blown further distances into the surrounding higher vegetated area, 

but a greater volume of snow is lost from the cleared vegetation area. Between 10 

and 45cm of snow is lost from the cleared vegetation area, and a maximum of 21cm 

is gained in the immediate surrounding greater vegetation height area. Greater wind 

speeds, therefore, blow greater volumes of snow from unsheltered areas and as a 

result greater localised drifting occurs. 
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6.4.4. Modelled snow cover at Sandhavn

Sandhavn is located on the south coast of Greenland within the oceanic, low-arctic 
climate and vegetation zone (Feilberg, 1984), where the predominant vegetation is 

coastal (dry) heath characterized by abundant Empetrum nigrum (crowberry) and 
lichens (Golding et al., 2011). Archaeological evidence of Norse occupation 

comprises three ruin groups, illustrated in Figure 6.38.

Figure 6.38: Map of Sandhavn showing the Norse ruin groups 
(O221, O221a and O221b), inuit structure (6, 20 and 21) and 
‘Warehouse Cliff’ possible docking location for large Atlantic trade 
vessels. Source: Figure 3 from Golding et al., 2011 (adapted from 
Raahauge et al., 2002).

The main ruin cluster off the coast containing the remains of a Norse farmstead 

including dwellings, stables, a byre, and a sheep fold (Golding et al., 2011). The 

smaller ruin cluster just off the coast likely functioned as a storage building for 

import-export commodities associated with Atlantic trade (Christiansen, 2002), 

although it could also be a shieling for hay storage for example (Albrethsen, 1991). 

The upper ruin area contains two circular fold type structures which are indicative of 

sheep rearing (Golding et al., 2011). In addition to functioning as a Norse farm, 
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Figure 3. Schematic map of Sandhavn showing the location of Norse ruin groups Ø221, Ø221a, Ø221b,
and Inuit structures 6, 20, and 21 (numbering of the Inuit ruins follows the system of Raahauge et al.,
2002). The Warehouse Cliff has been identified as a possible docking location for large vessels associated
with Atlantic trade (cf. Mikkelsen et al., 2001). (Image adapted from Raahauge et al., 2002.)

Home-fieldHome-fieldHome-field
RuinsRuinsRuins
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Sandhavn has been argued to be an important Altantic trading site, with the cliff to 

the south of the smaller coastal ruin group (known are ‘warehouse cliff’) identified as 

a possible docking location for large vessels, with bathymetric surveys confirming 

this would have been possible (Mikkelsen et al., 2001). Ruins include dwellings, a 

building for drying meat, a hunting cabin, and four structures that have been 

identified as possible mercantile storage buildings (Christiansen, 2002). In addition, 

the remains of three inuit dwellings have been identified close to the Norse ruins, 

with carbon dates indicating that one of the structures could have been occupied 

during the 12th-14th centuries and therefore overlapping with Norse occupation 

(Raahauge et al., 2003). It could, however, have been empty at the time of Norse 

settlement and been subsequently buried by Norse activity surface material. 

Radiocarbon dating indicates that the site was occupied by the Norse by the early 

11th century AD, with occupation continuing until the end of the 14th century 

(Golding et al., 2011). There is also evidence that manuring within the lower 

homefield began between the 11th and early 13th centuries and continued into the later 

13th and 14th centuries (Golding et al., 2011). Materials such as domestric refuse, 

construction debris (structural turves), fuel residues, and waste from byres were 

typically applied to enhance soil fertility on the homefields (Golding et al., 2011). 

Irrigation channels have been identified diverting water from the stream running 

through the lower and upper homefields, with the lower homefield channels lined 

with manure/midden type material to limit permeability (necessary given the freely 

draining nature of the underlying sands) and the upper homefield channels lined with 

small rounded/subrounded stones most likely to minimise erosion (Golding et al., 

2011). Evidence of vegetation change with an increase in grasses and fungal spores 

(indicating the presence of grazing animals) is clear from Norse initial settlement, 

alongside an increase in microscopic charcoal produced by domestic fires and/or land 

management (Golding et al., 2011). The pollen data show that the influx of grass 

pollen more than doubles over the interval AD 1260-1350, and an intensification or 

expansion of hay production is indicated into the 14th century, perhaps as a response 

to the climate pressures exerted by a series of cold years (Golding et al., 2011). A 

decline in grass pollen production and the absence of fungal spores in later 

assemblages indicate a clear and rapid decline and perhaps complete abandonment of 
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pastoral farming beginning in AD 1350 onwards, although continuation of 

agriculture through to the period of Norse abandonment at Sandhavn does not reflect 

the 13th century shift away from agriculture evident at other Eastern Settlement sites 

(Arneborg et al., 1999). 

	
 In the snow model results, archaeological Norse ruins, irrigation ditches and 

dams at Sandhavn are mapped according to Golding et al., (2011) (adapted from 

Raahauge et al., 2002). Snow cover and depth analysis refers to the upland grazing 

areas and the homefields where hay fodder production and cattle over-wintering took 

place. Figure 6.39 is annotated to illustrate the features of the base Landsat satellite 

imagery in the subsequent model output images. Note that Figures 6.39 to 6.55 are 

presented in landscape format. 
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Snow cover at Sandhavn - summary

Snow cover variability in the spring months across the Sandhavn landscape 

presented in Figures 6.39 to 6.55 is summarised in Table 6.5, where the range in 

monthly number of days the ground is snow covered at low-altitudes (Norse 

homefields and grazing areas), mid-altitudes (Norse outfields) and high altitudes is 

summarised for the favourable and unfavourable climate scenarios. Orange and red 

colours indicate the highest monthly snow cover, which occurs most often at high 

altitudes and in the most unfavourable climate of the survival and abandonment 

period (AD 1100-1500). Grey and blue colours indicate the lowest monthly snow 

cover, occurring most often at low altitudes and in the favourable climate extreme 

scenario. 

Table 6.5: Spring variability in monthly number of snow covered days 
between different altitudes and climate scenarios - Sandhavn.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

In the favourable extreme climate periods, the homefields and upper grazing areas 

are snow free in April, May and June. In contrast, in the unfavourable extreme 

climate periods the homefields and upper grazing areas are snow covered for a range 

of 5-15 days in both April and May, with a mean monthly snow depth ranging from 

5-20cm. Due to the sharp increase in altitude at Sandhavn, the upper grazing areas 

are located relatively close to the homefields and at similar altitudes and therefore 

experience similar snow cover to the homefields. Between 300-500m.a.s.l. in the 

unfavourable climate periods, snow drifts of 50-100cm occur.  It is only in June that 

the homefield and grazing areas below 150m.a.s.l. are completely snow free for the 

duration of the month in the unfavourable climate of the initial settlement period, 

with homefield and grazing areas above 100m.a.s.l. in the unfavourable climate of 
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the survival and abandonment period still covered in 2cm of snow for approximately 

5-10 days. It is observed that snow cover in the favourable climate in April is less 

extensive than snow cover in the unfavourable climate of the survival and 

abandonment period in June. There is, therefore, an approximate 2 month shift in 

snow conditions between the favourable and the unfavourable climate periods 

experienced by the Norse. Snow cover in the unfavourable climate of the initial 

settlement period prior to AD 1100 lasts for, on average, 5-10 days less than the 

unfavourable climate of the survival and abandonment period. At low and mid 

altitudes below approximately 500m.a.s.l., the snow cover pattern follows the 

vegetation pattern closely, with snow cover lasting approximately 10 days longer and 

30-50cm deeper in areas of vegetation above 0.15m high. The sharp increase in 

altitude in the area results in the snow cover pattern closely following topography at 

high altitudes rather than vegetation cover, with higher snow cover and depths at 

higher altitudes. Figure 6.56 displays the mean number of days the ground is snow 

covered at each altitude range in the Sandhavn modelled area for the favourable and 

unfavourable climate scenarios.
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Figure 6.56: Spring mean number of days the ground is snow 
covered at varying altitudes at Sandhavn in different climate 
scenarios 

Figure 6.56 shows the increase in snow cover with altitude as temperature decreases. 

The minimum altitude of the modelled area at Sandhavn is just below 50m.a.s.l, and 

maximum altitude 900m.a.s.l. Mean spring snow cover in the favourable climate 

period is less than 30 days at all altitudes with less than 5 days snow cover below 

300m.a.s.l. In contrast,  mean spring snow cover in the unfavourable climate after 

AD 1100 is above 20 days at all altitudes increasing to over 80 days at the highest 

altitudes, with between 20-40 days cover below 300m.a.s.l. Mean spring snow cover 

in the unfavourable climate of the initial settlement period prior to AD 1100 is above 

10 days at all altitudes, increasing to over 60 days at the highest altitudes, 

approximately 10-20 days less than the unfavourable climate of the survival and 

abandonment period after AD 1100. 

 Mean snow depth across the modelled area for each month of the year is 

displayed in Appendix L, and the number of snow covered days results are 

summarised in Table 6.6.
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Table 6.6: Autumn variability in monthly number of snow covered 
days between different altitudes and climate scenarios - Garðar.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

In all climate scenarios, mean snow depth at the homefields and nearby grazing areas 

is approximately 10cm in September and October. Even in the unfavourable climate 

scenarios, it is not until November that significant snowfall of 20-30cm depth occurs 

at the homefields and grazing areas in the unfavourable climate periods. In the 

favourable climate at the homefields and grazing areas, snow depth does not exceed 

10cm in any month of the year and is 0cm below approximately 500m.a.s.l. in 

March. In the unfavourable climate of the initial settlement period prior to AD 1100, 

snow depth at the homefield and grazing areas is low at around 10cm in December 

and January, and reaches 50cm in February and March in areas of high vegetation. In 

contrast, in the unfavourable climate of the survival and abandonment period after 

AD 1100, snow depth at the homefield and grazing areas is 50cm in areas of high 

vegetation in December, with patches of 60-100cm, and is 30-50cm in January, 

approximately 40cm greater than in the unfavourable climate of the initial settlement 

period. In the unfavourable climate scenarios at the highest altitudes, 1m (or greater) 

snow depth occurs from October through to April, and generally snow depths of 

40cm or greater occur above approximately 500m.a.s.l. 

6.4.5. Modelled snow cover at Norse ruins E78 and E78a (model area O)

Snow cover at model area O, including Norse settlement sites E78 and E78a, is 

analysed as an example of a more isolated outer fjord Norse farm location, in 

contrast to the elite inner fjord settlement at Garðar and the south coast larger ruin 

group at Sandhavn. The snow model results are plotted in Figures 6.57 to 6.73, with 
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the approximate location of Norse settlement sites outlined with white/black circles. 

Note that Figures 6.57 to 6.73 are in landscape format. 
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Snow cover at model area O - summary

Snow cover variability in the spring months across the Sandhavn landscape 

presented in Figures 6.57 to 6.73 is summarised in Table 6.7, where the range in 

monthly number of days the ground is snow covered at low-altitudes (Norse 

homefields) and mid-altitudes (Norse grazing areas and outfields). High altitudes 

(greater than 750 m.a.s.l.) are not found within the modelled area O. Orange and red 

colours indicate the highest monthly snow cover, which occurs most often at high 

altitudes and in the most unfavourable climate of the survival and abandonment 

period (AD 1100-1500). Grey and blue colours indicate the lowest monthly snow 

cover, occurring most often at low altitudes and in the favourable climate extreme 

scenario. 

Table 6.7: Spring variability in monthly number of snow covered days 
between different altitudes and climate scenarios - Model area O.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

In the favourable climate periods, the homefields and upper grazing areas are snow 

covered for 5-10 days with mean monthly snow depth of 5cm in April, and are snow 

free in May and June. In contrast, in the unfavourable climate in the survival and 

abandonment period, the upper grazing areas are snow covered for 25-30 days in 

April and May with mean monthly snow depths of 30-70cm, and the homefields are 

snow covered for a range of 20-30 days with mean monthly snow depth of 10-20cm. 

Snow cover in the unfavourable climate of the initial settlement period prior to AD 

1100 lasts for, on average, 5-10 days less than in the unfavourable climate of the 

survival and abandonment period, and snow depths are 5-30cm shallower in some 
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areas. In June in both unfavourable climate scenarios, low altitude Norse settlement 

sites are snow covered for 5 days, with mean snow depth less than 5cm, although in 

the unfavourable climate of the initial settlement period some of the low altitude 

coastal areas are snow free for the whole of June. Snow cover in the unfavourable 

climate of the initial settlement period is similar at low and high altitudes, with only 

the highest altitude areas above 400m.a.s.l. having greater snow cover of 5-15 days, 

with mean monthly snow depth 6-10cm. In contrast, in June in the unfavourable 

climate of the survival and abandonment period, snow cover in the upper grazing 

areas and higher altitudes lasts for 15-30 days, with mean monthly snow depth 

ranging from 20cm to over 1m at the highest altitudes. Figure 6.74 displays the mean 

number of days the ground is snow covered at each altitude in the modelled area for 

the favourable and unfavourable climate scenarios. 

Figure 6.74: Spring mean number of days the ground is snow 
covered at varying altitudes at model area O in different climate 
scenarios 
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Figure 6.74 shows the increase in snow cover with altitude as temperature decreases. 

The minimum altitude of model area O is just above 50 m.a.s.l, and maximum 

altitude just below 700m.a.s.l. Mean spring snow cover in the favourable climate is 

less than 20 days at all altitudes, with less than 10 days snow cover below 300m.a.s.l. 

In contrast, mean spring snow cover in the unfavourable climate after AD 1100 is 

above 50 days at all altitudes increasing to over 80 days above 500 m.a.s.l., with 

between 50-70 days cover below 300m.a.s.l. Mean spring snow cover in the 

unfavourable climate of the initial settlement period prior to AD 1100 is above 40 

days at all altitudes, increasing to over 60 days above approximately 500m.a.s.l. 

Spring snow cover in the unfavourable climate of the survival and abandonment 

period lasts approximately 10 days longer than snow cover in the initial settlement 

period below 300m.a.s.l., and approximately 25 days longer above 300m.a.s.l. 

 Mean snow depth across the modelled area for the remaining months of the 

year is displayed in Appendix M, and the number of snow covered days results are 

summarised in Table 6.8. 

Table 6.8: Autumn variability in monthly number of snow covered 
days between different altitudes and climate scenarios - Garðar.                         
Grey = 0-5 days, Blue = >0 - 10 days, Yellow = 10-20 days, Orange = 
variable between yellow and red, Red = 20-30 days

In all climate scenarios, mean snow depth at the Norse settlement sites and upper 

grazing areas is approximately 10cm or less in September. In the favourable climate, 

the homefields and upper grazing areas have a snow depth of generally less than 

10-20cm throughout the winter, with mid-winter melt periods occurring, and the low 

altitude coastal sites have zero snow depth in March. In contrast, a significant 
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increase in snow depth occurs from October in the unfavourable scenarios, with 

snow depths reaching 30-40cm across the Norse settlement sites and grazing areas. 

In the unfavourable climate in November and December, snow depth across the 

Norse settlement sites and upper grazing areas increases to 40-70cm, with areas of 

snow 1m or greater deep. Snow depth in January and February in the unfavourable 

climate periods varies, ranging between 10-100cm depending on altitude and 

vegetation cover, with greater snow depths at higher altitudes and areas of high 

vegetation. In March, snow depth in the unfavourable climate of the initial settlement 

period at the low altitude Norse settlement sites is less than 10cm, with depths of 

20-50cm at mid-altitude grazing areas. In contrast, March snow depth in the 

unfavourable climate of the survival and abandonment period is 10-40cm at low 

altitude coastal areas, and 40-60cm at mid-altitude grazing areas, approximately 

20-30cm deeper than in the unfavourable climate of the initial settlement period.  

6.4.6. Mean spring snow cover comparison

Mean spring snow cover between the elite inner fjord Norse settlement site at Garðar, 

outer fjord isolated farms at model area O and south coast Norse settlement sites at 

Sandhavn is compared to show the range of snow experienced by the Norse across 

the Eastern Settlement. Figure 6.75 shows the spring (April - June) mean snow 

covered days (maximum 90 days) at each altitude range within the modelled areas 

surrounding the Norse settlement sites. The maximum altitude in the modelled area 

at Garðar is approximately 500m.a.s.l. and is indicated on the model area O and 

Sandhavn plots, for which the maximum altitudes are approximately 700m.a.s.l. and 

900m.a.s.l., respectively.
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Figure 6.75: Spring mean number of days the ground is snow 
covered at varying altitudes at Garðar, model area O and Sandhavn 
in different climate scenarios

In all climate scenarios, it is clear that the ground is snow covered for a greater 

number of days in spring at the outer fjord location of model area O at all common 

altitudes (i.e. below 500m.a.s.l.), with south coast Sandhavn snow covered for the 
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least number of days. In the unfavourable climate of the survival and abandonment 

period at altitudes below 300m.a.s.l., the ground at Sandhavn is snow covered for a 

range of 20-30 days between April and June and at Garðar is snow covered for 35-50 

days. In contrast, the ground at model area O below 300m.a.s.l. is snow covered for 

55-65 days in the unfavourable climate of the survival and abandonment period, on 

average 15-20 days longer than at Garðar and 30 days longer than at Sandhavn. 

Snow cover lasts for longer periods of time at higher altitudes where temperatures 

are cooler, and at Sandhavn snow cover above 700m.a.s.l. in the unfavourable 

climate of the survival and abandonment period lasts between 65-85 days, meaning 

that snow melt runoff from upper altitude areas is available as water supply at lower 

altitudes through the spring months. At model area O, snow cover above 500m.a.s.l. 

in the unfavourable climate of the survival and abandonment period lasts for 60-90 

days in the spring period, longer than snow cover at the same altitude at Sandhavn 

which lasts for between 50-65 days. 

 The impacts these variations in snow cover as a result of differing climates, 

topography, vegetation and regional location may have had on Norse seasonal 

activities and community survival is discussed in Chapter 7, with reference to the 

frequency and duration of the extreme climate periods and archaeological knowledge 

of the Norse community. 
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SECTION 4 DISCUSSION and 

CONCLUSION

Chapter 7

Discussion

7.7

7.1. Coherence of precision, accuracy and scale

Quantifying snow cover in a time period lacking in measured climate, vegetation and 

topographic data presents many challenges. Each individual data set used in the 

modelling process has weaknesses which have been minimised as much as possible, 

but still maintain levels of inaccuracy and uncertainty. The DEM weaknesses include 

difficulty in differentiating land elevation around low lying coastal areas and 

defining the coastline, especially with the presence of sea ice, and a lack of data 

points in specific sections resulting in inaccurate elevations, such as across a small 

section of the model area F (including the Norse settlement site Hvalsey). The 

vegetation cover derived from Landsat satellite imagery is inaccurate in areas of 

shadow, where vegetation cover is classified as zero. In addition, vegetation height 

field measurements across the modelled areas at a resolution similar to the DEM are 

unavailable, therefore heights are assigned to the vegetation cover distribution based 

on NDVI calculations. It is not possible to determine either the vegetation height or 

cover at the time of Norse occupation in Greenland at a high resolution scale, and it 

is likely to be different to the current vegetation cover used in the snow model. 

Archaeological evidence shows that vegetation cover, and therefore height, varied 

throughout the period of Norse settlement with changing climate and land practices, 
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therefore it is appropriate to use the scenario based approach applied in this thesis to 

understand the impact of vegetation variation on snow cover and depth. The 

vegetation height distribution may not spatially be exactly as it was during Norse 

occupation, but the impact of vegetation variation on snow is quantified in the snow 

model results. The 25m spatial resolution of the DEM is similar to the spatial 

resolution of the 30m Landsat imagery from which the vegetation height data is 

derived, and the vegetation data is downscaled to a 25m resolution by interpolation. 

The snow model resolution is therefore 25m, which captures the snow variation at a 

human scale. The scales of pastoral land use in terms of the areas needed to produce 

fodder and provide each animal with summer grazing can be usefully broken down at 

a 25m resolution; pastoralism in Greenland is an extensive as opposed to intensive 

landuse. The climate data from the GCM is, however, of a significantly lower 

resolution with each grid square 2.5 degrees latitude by 3.75 degrees longitude in 

size. The climate data is localised using data from three current Danish 

Meteorological Institute (DMI) stations in order to represent the varying regional 

climate across the Eastern Settlement. The temporal resolution of the GCM data is 

daily and is therefore downscaled using interpolation to hourly data for use in the 

model. The climate data is modelled and therefore is not necessarily an accurate 

measure of climate at any given time on an hourly or daily scale. The scenario 

approach applied in this thesis is, therefore, appropriate to show the range of climate 

experienced over different centuries of settlement, rather than assuming the accuracy 

of a given climate on a given day. The lack of measured snow data during Norse 

occupation prevents the snow model from being directly calibrated or verified for the 

time period modelled. The model is, instead, calibrated to current snow depth 

measurements at the three DMI stations and verified using snow cover from Landsat 

satellite images. The model is shown to simulate the length of time the ground is 

snow covered reliably and simulate snow depth with an uncertainty of 22cm in 

periods of extreme cold climate and 28cm in extreme warm climate.   

 The snow model results are only as accurate as the input climate, topographic 

and vegetation data. The topographic and vegetation data, despite any weaknesses, 
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are of a high resolution unlike the GCM data which is significantly lower. 

Improvements could be made to the DEM data to accurately differentiate coastlines 

and remove errors at specific locations. Vegetation height and cover could be 

improved by correcting areas of satellite image shadow, and vegetation height 

surveys could potentially be made (cost of fieldwork permitting) to improve the 

accuracy of the height classifications. Similarly, further model calibration and 

validation could be completed if snow survey measurements across the modelled 

areas in Greenland could be carried out, again cost of fieldwork permitting. There is, 

however, little worth in increasing the precision of some of the components if other 

variables, such as the resolution of the climate data, are not also improved. There is a 

coherent scale of accuracy and precision throughout this thesis, and future areas for 

improvement are identified but should be made simultaneously across all variables to 

be effective. It is recognised that the precise daily climate, vegetation and snow cover 

during Norse occupation of the Eastern Settlement will never be known. This thesis 

therefore uses a scenario based approach to simulate the range of snow experienced 

at a human scale across the Eastern Settlement in the unfavourable and favourable 

extreme climate periods, rather than the specific snow cover on a particular day. The 

snow model results quantify the area of land snow covered, amount of time the land 

is snow covered and the snow depth across the Eastern Settlement. The model results 

also capture and quantify the variation in these snow characteristics with changes in 

topography, vegetation height and climate on such a scale as is relevant to individual 

Norse farm locations. Whether the simulated snow cover is temporally and spatially 

accurate to the exact hour or square meter of landscape at the time of Norse 

occupation is irrelevant. The same level of accuracy and precision exists in the model 

results at each site across the Eastern Settlement, and the results show a significant 

relative difference in snow cover between varying altitudes and farm locations, 

extreme climate periods and vegetation heights. This allows for conclusions to be 

drawn regarding the different experiences of the Norse people in periods of 

favourable and unfavourable climate conditions and in differing locations with snow 
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cover a driver of transformative change, leading to an understanding of the Norse 

response to climate changes and the eventual abandonment of the Eastern Settlement. 

7.2. Impact of medieval climate variability

Climate data clearly indicates that the initial Norse settlement of Greenland 

coincided with a period of relatively calm, stable and warm climate around AD 1000 

- although it is important to note that the seas around Greenland would have still 

contained novel maritime hazards in the form of drift ice and katabatic winds off the 

inland ice. The end of Norse settlement sometime in the middle of the 15th century 

AD coincided with the intensification of the Little Ice Age and the conjunctures of 

short term and long term changes that were both environmental and cultural. Climate 

conjunctures in the 15th century AD saw increased inter-annual temperature and 

precipitation variability, colder temperature extremes, increased sea ice, relative sea 

level rise and increased storminess.

 The impact of the shift in climate on Norse activities at a human scale should 

be exemplified by the changing snow cover across the landscape because of the wide 

ranging influence of snow on human ecodynamics. The distribution and persistence 

of snow has an inverse relationship to the length of the growing season, and direct 

influence on the availability of winter grazing, winter livestock loss, neonatal 

mortality rates, hydrology, wildlife and travel. The snow model simulations 

presented in this thesis show for the first time the likely range of snow cover 

experienced by the Norse in favourable extreme periods (with low precipitation and 

warm temperatures), unfavourable extreme periods (with high precipitation and low 

temperatures) of the initial settlement period (AD 1000-1100) and the most 

unfavourable extreme periods of the survival and abandonment period after AD 

1100. In the most unfavourable extreme periods, not only is there an increased 

volume of precipitation, but the cooler temperatures result in a greater proportion of 

that precipitation falling as snow instead of rain and the ground remaining snow 

covered for longer. At inner fjord sites, a difference of approximately 5 degrees in 

annual average temperature and 500mm in total annual precipitation between the 
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favourable and most unfavourable climate of the survival and abandonment period 

results in a difference in cumulative annual snowfall of approximately 350mm.  At 

outer fjord sites, a difference of approximately 5 degrees in annual average 

temperature and 700mm in total annual precipitation between the favourable and 

most unfavourable climate of the survival and abandonment period results in a 

difference in cumulative annual snowfall of approximately 700mm. At south coast 

sites, a difference of approximately 5 degrees in annual average temperature and 

650mm in total annual precipitation between the favourable and most unfavourable 

climate of the survival and abandonment period results in a difference in cumulative 

annual snowfall of approximately 600mm. The variation in cumulative annual 

snowfall between locations as a result of differences in climate are partly due to the 

differences in precipitation, with greater precipitation at the coast, and partly due to 

differences in temperature, with warmer temperatures in threshold months in south 

coast and inner fjord locations where temperatures are closer to the rain/snow 

threshold resulting in less precipitation falling as snow. Further local differences in 

temperature and precipitation with altitude variation across each modelled area result 

in snow cover variability across the landscape. At higher altitudes, greater 

precipitation and lower temperatures result in both a greater volume of precipitation 

and a greater proportion of precipitation falling as snow. In addition, lower 

temperatures at higher altitudes results in snow cover lasting for a longer duration of 

time due to temperatures reaching the melt threshold later in the year.

 The frequency and duration at which these simulated favourable and 

unfavourable extreme climate periods occurred throughout Norse occupation of the 

Eastern Settlement has been determined from the AD 1000-1500 GCM temperature 

record (pers.comm., Scott Ingram and Andrew Dugmore; Hegmon et al., 

forthcoming 2013, see Appendix N). Prior to AD 1100 during the first century or so 

of Norse settlement, it seems that no extreme cold periods relative to the AD 

1000-1500 climate record were experienced. This is reflected in the model results 

with reduced snow cover and snow depth simulated for the unfavourable climate 

experienced in the first 100 years of settlement relative to the most unfavourable 
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climate after AD 1100. In the first 100 years of Norse settlement, extreme climate 

occurred in the form of five unusual warm periods. After AD 1100, however, periods 

of unusual cold occur for the first time and are therefore outside the range of Norse 

TEK developed in Greenland. Between AD 1100 and AD 1200 the extreme cold 

periods alternate with extreme warm periods which could have allowed for recovery 

of livestock numbers, which can take at least three to five years (Madsen, 2012), and 

respite from the extreme cold periods. Recovery periods could have meant that the 

Norse would have been able to take full advantage of the warm periods when they 

returned - assuming they had the necessary capacity and confidence to rebuild 

despite the losses. Losses would have been particularly severe amongst livestock that 

overwintered outdoors. This could have been a key reason why the Norse Greenland 

economy did not develop standardised commercial wool production. The need to 

rebuild livestock numbers after periods of cold and extensive, persistent snow cover 

could have been a key driver in the development of social hierarchy as small farmers 

became beholden to the elite farms for replacement stock. The climate data (derived 

from the most recent modelling of Schurer et al., (2012, submitted) and locally 

calibrated in this thesis using current meteorological data) is analysed according to 

magnitude, duration and intensity of extreme cold and warm periods (pers.comm., 

Scott Ingram and Andrew Dugmore; Hegmon et al., forthcoming 2013). Magnitude 

is defined as the difference in temperature from the median temperature for each 

year, with duration as the number of years the unusual warm/cold period lasted and 

intensity as the division of magnitude by duration. The climate analysis (pers.comm., 

Scott Ingram) ranked each unusually warm/cold period according to magnitude, 

duration and intensity, and it is apparent that the magnitude of the extreme cold 

periods does not necessarily increase from AD 1100 onwards, with a cold period of 

magnitude rank 7 (maximum rank 12) occurring between AD 1118 - 1127. After AD 

1200, however, and through to Norse abandonment around approximately AD 1450, 

the extreme cold periods occur more frequently and for longer durations, with fewer 

unusual warm periods interspersed. For example, the two longest duration extreme 

cold periods of 22 years occur between AD 1334 -1355, and AD 1407-1428, with the 
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former followed by another extreme cold period of 11 years with no unusual warm 

period in between. The recovery period of a system from a perturbation, such as an 

extreme unfavourable climate period, becomes longer as the system becomes more 

stressed, increasing the impact of the perturbation and inhibiting the system from 

taking advantage of any favourable periods of climate. The Norse survived the 

extreme cold periods of the 13th and 14th century, but had abandoned the Eastern 

Settlement by AD 1450. Although extreme cold periods from AD 1100 onwards were 

of similar magnitude in terms of temperature, the impact of these unfavourable 

events varied according to differences in context.

 In the 14th century, Greenland was still connected with Europe and if 

necessary, key replacement animals may have been introduced from Iceland. By the 

15th century, however, this was most unlikely and a conjuncture of unfavourable 

events occurred with increased storminess and sea ice threatening travel by boat and 

the seal hunt. In addition, economic changes were sweeping Europe in the aftermath 

of the Black Death, a new world system was extending into the Atlantic where 

patterns of trade were changing with new commercial activities developing in 

Iceland; Norwegian Royal authority was waning increasing isolation of the Norse, 

and within Greenland the range of the Thule Inuit was expanding bringing new 

challenges of culture contact. Plague struck Iceland for the first time at the beginning 

of the 15th century AD, but no one knows if it reached Greenland. The opportunities 

for the transmission of plague (or indeed other infectious diseases) to Greenland 

would have been limited given the apparent rarity of contact in the late middle ages 

but, if it had arrived, the effects could have been severe. 

 The human scale impact of the climate extremes occurring between AD 

1000-1500 on Norse everyday activities depends largely on the resulting snow cover 

variation. The Norse seasonal round presented both in Figure 2.5 (McGovern, 1985) 

and listed in Appendix O (written communication, Christian Madsen) highlights the 

importance of the late spring and summer months which are the busiest of the Norse 

calendar. In the late spring months, winter fodder and food storage resources are 

depleted, and activities such as provisional gathering of food, moving livestock to 
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pastures free of snow and sealing in the coastal region are, therefore, key for 

survival. Snow cover variations in these key spring months could, therefore, have 

been a significant driver of transformative change.  

7.3. Impact of regional snow cover variability

Across the Eastern Settlement, in general, snow model results show that the 

homefields (generally below 300 m.a.s.l.) are snow free from May in the most 

favourable extreme climate periods, and have less than 10 days snow cover in April. 

In contrast, in the least favourable extreme periods of the initial settlement period 

prior to AD 1100, the homefields are snow covered for, on average, 20 days in April 

and 15 days in May, becoming mostly snow free only by June with less than 5 days 

snow cover. Snow in the most unfavourable extreme climate experienced after AD 

1100 on the homefields lasts for, on average, 10 days longer in April and May, with 

the ground again becoming snow free only by June with less than 5 days snow cover. 

There is, therefore, an approximate 2 month shift in the homefields becoming snow 

free between the favourable and unfavourable climate conditions experienced by the 

Norse, and a 10 day shift in snow cover between the unfavourable climate conditions 

of the initial settlement period and the most unfavourable climate conditions of the 

survival and abandonment period after AD 1100. In the early spring months winter 

fodder supplies are likely famished, therefore the gathering of provisional food (such 

as the first buds of willow and heather), and being able to move livestock to pastures 

free of snow, is essential. Snow cover for the majority of April and May on the 

homefields in the unfavourable extreme climate periods would prevent these 

activities until late June, leaving a significant resource gap (see Figure 2.5 of the 

Norse seasonal round). The late spring and early summer months are the busiest of 

the Norse calendar and homefield activity includes the main stock being led out to 

graze the homefields, fertilizing soils as soon as frost has left the ground, milking 

activities and birthing of calves, lambs and kids. In the unfavourable extreme climate 

periods, the ground is likely to have remained frozen through April and May, with 

snowcover lasting into June. Cooler temperatures, frozen ground and snowcover 
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would threaten the survival of the livestock in the homefields, especially the new-

born livestock, and grazing would be limited. In the unfavourable extreme climate 

periods the homefields are snow covered from September whereas the ground is 

mostly snow free in September and October in the favourable climate periods, 

therefore the period in which the ground is snow free in the unfavourable extreme 

climate periods would be three to four months shorter than in the favourable extreme 

climate periods. The length of time the homefields are snow covered in winter, the 

period when animals need fodder or to graze on dead vegetation, is therefore 

approximately 8-9 months (mid-September to mid-May) in unfavourable climate 

extremes compared to 5-6 months (November to mid-April) in favourable climate 

periods. Fodder harvesting cannot occur when the homefield soils are saturated from 

the spring snow melt, therefore there is a delay between the homefields becoming 

snow free and then being usable, indeed some current Greenland farmers drain 

spring snowmelt flooded soils to enable earlier planting. The ability to store water 

and to utilise water from streams supplied by upper altitude later spring snowmelt 

using dams and irrigation systems, such as those found at Garðar, Brattahlið and 

Sandhavn, is therefore key to combat summer soil moisture deficits to make the most 

the growing season. The reduced growing season in the unfavourable climate periods 

lowers crop yields and reduces the quantity of fodder available to store and use over 

the following winter. With a short snow free period from June to August and 

therefore short growing season, if extreme unfavourable climate periods occurred 

consecutively not only would more fodder be required for livestock to survive the 

longer harsh winter, but less fodder would be available in storage from the previous 

growing season. Snow cover is a good insulator and therefore prevents the warm 

spring temperatures from thawing the frozen ground. Snow cover into April and May 

in the unfavourable extreme periods may have prevented the soils from thawing until 

June, resulting not only in a shorter growing season but also a soil moisture deficit as 

surface water cannot penetrate frozen soils and runs off over the surface (Adderley 

and Simpson, 2006). Indeed, the number of water deficit years experienced by the 

Norse Greenlanders increased from approximately 11% during the time of settlement 
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to approximately 16% into the 14th century (Adderley and Simpson, 2006). Snow 

cover lasting for, on average, 10 days longer in the most unfavourable extreme 

periods after AD 1100 relative to the unfavourable extreme periods during the 

settlement years would have had a significant impact, not only because it would be 

outside of the local Norse TEK but also due to the importance of the spring months 

in the Norse calendar. 

 Snow cover is greater at higher altitudes where temperatures are lower and a 

greater proportion of precipitation falls as snow, therefore the upper shieling and 

outfield grazing areas above 300 m.a.s.l. are snow covered for longer. In the 

favourable extreme climate periods the upper grazing areas are snow covered for, on 

average, 10 days in April, and are mostly snow free by May. In contrast, in the 

unfavourable climate of the initial settlement period prior to AD 1100, the upper 

grazing areas are snow covered for, on average, 20-25 days in April, with some areas 

snow covered for the entire month, and 20 days in May, with between 5 and 10 days 

snow cover remaining in June. In the most unfavourable extreme climate after AD 

1100, snow cover lasts for, on average, 5 days longer with many areas covered in 

snow for the entire months of April and May, and 10-15 days snow cover in June. 

Towards the late spring, the Norse moved animals and people to the shielings in the 

inland and highland, with continued milking, milk processing and fodder gathering 

in more distant areas into the summer. In the unfavourable extreme climate periods, 

the outfield ground would be covered in snow and frozen in April and May 

preventing grazing, and snowfall in June would threaten the survival of livestock and 

people that had moved to the shielings. Greater wind speeds would result in 

increased snow drifting, which could trap livestock and threaten livestock survival 

especially in the rangelands. In addition, sealing in the coastal region was an 

important activity of the spring period when winter fodder supplies had run out 

leaving a resource gap (as shown in Figure 2.5). With the landscape snow covered 

through April and May, the journey to the seal hunting areas would be increasingly 

risky, especially with the lack of archaeological evidence of any deep snow transport 
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aides such as snow shoes (pers.comm., Poul Baltzer Heide), and in the 15th century 

the journey risk was even greater due to increased storminess and sea ice.   

 Whilst the spring and summer months were key for fodder production, 

livestock grazing, livestock reproduction, resource gathering and seal hunting, the 

winter months were key for survival of both livestock and the Norse population. In 

the winter months, the Norse main stocks were grazed near the farmsteads in the 

homefields as much as possible, and stalled and fed from stored fodder in the hardest 

months, though it is likely that some of the sheep and goats and livestock other than 

the core breeding stock grazed in the wider terrain of the outfields throughout the 

year. Mid-winter warmer melt periods occur in the most favourable extreme climate 

winter months, and in the present climate are observed to coincide with warm 

katabatic winds from the ice sheet, with melting snow cover and warmer 

temperatures reducing the stress of the harsh winters on the livestock and population. 

In the outer grazing areas snow cover lasts for less than 10 days in both September 

and October in the favourable extreme climate periods, allowing for continued 

grazing of upper altitude areas and reducing the pressure on the homefields and 

stored fodder resources. In the unfavourable extreme climate periods, however, the 

outer grazing areas are snow covered for, on average, 20 days in September and 

20-30 days in October, limiting outfield grazing and increasing the pressure on the 

homefield resources. Caribou hunting likely occurred in August to October, and 

extensive snow cover at upper altitudes of on average 20 days in September and 25 

days in October could have hampered hunting efforts.  In the most unfavourable 

worst climate periods after AD 1100, prolonged harsh winters with 25-30 days snow 

cover from November to March with no mid-winter melt periods would prevent 

winter grazing in the homefields and outfields, threaten livestock survival both at the 

farmstead and in outfield grazing areas and require the stalling and feeding of 

livestock for extended periods resulting in a greater spring fodder shortage. Wool 

production could have been fatally compromised by the inability of the Norse to 

maintain outdoor stock through the winter in unfavourable extreme climate years, 

and recovery time would have increased due to the need to re-build stocking levels.  
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7.4. Response of the Norse

The extreme unfavourable climate periods in AD 1100 - 1200 were outside the 

Greenland Norse TEK, but were interspersed with periods of favourable warm 

weather allowing for recovery and prompting adaption to resource shortage in the 

form of increasing reliance on the seal hunt to fill the spring resource gap (see Figure 

2.5). Archaeological evidence shows a shift in diet from 20% marine to 80% marine 

during the 500 years of Norse existence (Arneborg et al., 1999, Arneborg et al., 

2012). The Norse adapted by intensifying pre-existing aspects of the Greenland 

economy (the innovative switch to sealing that dated from the initial settlement 

period) rather than embracing later innovation such as Icelandic economic changes 

where wool production and stock fish production developed. In the initial 

unfavourable climate years of the 12th century, increasing intensification of the seal 

hunt would have been considered sufficient to fill the spring resource gap without the 

need for innovation. In addition, with the harsh winters of extensive snow cover from 

November to March across both the homefields and outfields putting pressure on the 

terrestrial ecosystem, arguably the migrating seal populations were the only resource 

open to intensification by the Norse. The increased reliance on the migratory seals, 

however, led the Norse towards a rigidity trap where they were increasingly 

vulnerable to factors affecting the seal hunt. Proxy climate data indicates that 

storminess and fjord sea ice from calving glaciers increased into the Little Ice Age, 

with increased fluctuations in fjord sea ice from AD 1200 (Jensen, 2003) and a peak 

in regional wind speeds around AD 1300 (Kuijpers and Mikkelsen, 2009). Transport 

across the fjords and by sea to the northern seal hunting grounds became more 

dangerous with fjord sea ice fluctuations and storms of a strength outside of the local 

Norse TEK. In addition, it is likely that seals hauled out onto the increasing fjord sea 

ice instead of at the shore (pers.comm., Tom McGovern), and were therefore less 

vulnerable to the Norse and more unpredictable in location. In late medieval Norse 

society where populations were almost certainly falling to levels that posed risks to 

communally-based activities and the vital subsistence network, the increased risk of 

population loss (specifically active men) in boating accidents as a result of seal hunt 
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intensification could potentially be catastrophic. Parallels may be drawn to the 

impact of fishing disasters on small Scottish communities such as Fair Isle in 1897 . 

Greater wind speeds would also result in an increased volume of blowing snow, with 

a loss of snow from open unsheltered areas and drifts of snow in relatively sheltered 

topographic and vegetated areas. Not only would greater wind speeds and blowing 

snow threaten livestock survival in the outfields and grazing areas, deeper snow 

drifts can trap and bury livestock in the landscape. The conjuncture of increased 

snow cover (lasting from September through May), wind speed, storminess and fjord 

ice would also have threatened Norse movement within the Eastern Settlement to 

neighbouring farms, particularly impacting more isolated farms which would be less 

able to rely on neighbours for resources and trading in unfavourable extreme periods. 

Trade with outside sources (such as links with Norway) would also become 

increasingly difficult and dangerous both across land and across fjords as a result of 

the conjuncture of unfavourable climate conditions. If the population passed the 

minimum threshold for effective communal seal hunting, then the Norse would have 

faced a terminal subsistence crisis with increased snow cover limiting land base 

resources, population loss limiting marine hunting resources and insufficient 

alternative resource options for survival. 

 The Eastern Settlement is thought to have been abandoned by approximately 

AD 1430 (Arneborg et al., 1999), and the modelling in this thesis shows that snow 

cover was a significant driver of transformative change by placing pressure on the 

terrestrial ecosystem and prompting increased reliance on the marine resources. It is 

difficult to identify when a climate threshold is approaching and when radical society  

changes are required, but the increased variance in climate fluctuations from AD 

1100 and periods of extreme unfavourable climate outside of Norse TEK are early 

warning signals of a potential shift in climate. It was an adaptive decision of the 

Norse to increase reliance on the seal hunt as a short term survival measure and 

arguably, shifting reliance to the marine resources was the only option the Norse had 

given the snow cover pressure on the terrestrial ecosystem. Plugging the spring 

resource gap with increased reliance on the seal hunt would have masked the first 
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early warning signals of potential future climate threshold crossing. Continued 

society investment such as the construction of well furnished stone churches up to 

AD 1300 (Dugmore et al., 2009) with no evidence of fundamental change in society 

or practices, indicates that the Norse did not recognise these early warning signals 

until the unfavourable environmental and cultural conjunctures of the 15th century 

when it was too late to develop a different response.

7.5. Local snow cover variability

 Not all farms, however, were abandoned at the same time and the local variation in 

current climate data indicates that medieval farms in different locations would have 

had varying experiences of the same regional unfavourable climate extremes. Figure 

7.1 presents the average spring (April, May, June) percentage snow cover and 

number of days the ground is snow covered across each modelled area in the extreme 

favourable periods, extreme unfavourable periods of the initial settlement period 

prior to AD 1000, and most extreme unfavourable periods of the survival and 

abandonment period after AD 1100. The spring snow cover is calculated for land 

areas below 300 m.a.s.l. only, so that the results are not biased according to the 

proportion of high altitude (and therefore higher snow cover) land in each modelled 

area. A threshold of 300 m.a.s.l encompasses the land in which the homefields across 

the Eastern Settlement are located. The results are differentiated by location 

according to inner fjord sites, outer fjord sites and south coast Sandhavn.  
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Figure 7.1: Spring snow cover and number of snow covered days in 
areas below 300m.a.s.l. at all modelled sites across the Eastern 
Settlement

There is a clear difference in snow cover between the different climate extreme 

periods and between farm locations. Farms in outer fjord locations experience higher 

precipitation and cooler temperatures in late spring than inner fjord locations and 

consequently have relatively greater snow cover in all climate extremes. In the 

favourable extreme climate periods, farms located in inner fjord areas such as Garðar 

and Brattahlið are 30-33% snow covered in the spring months with snow cover 

lasting for, on average, 5-10 days. An outlier in this group is model area I which is an 

inner fjord site but located at a higher altitude, and is therefore snow covered similar 

to outer-fjord located farms. Snow cover in the favourable extreme climate periods at 

outer fjord locations ranges from 33-34% lasting for, on average, 8-11 days. In 

contrast, Sandhavn located further south has a snow covered area of 5% lasting for 3 

days, significantly lower snow cover relative to the inner and outer fjord locations 

further north. In the unfavourable extreme climate of the initial settlement period 
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prior to AD 1000, snow cover at the inner fjord locations ranges from 90- 100% 

lasting on average 31-37 days, and is significantly lower than snow cover in the most 

unfavourable extreme climate after AD 1100 with snow cover ranging from 97-100% 

lasting on average 35-51 days. The outlier, with similar snow cover in the most 

unfavourable extreme climate after AD 1100 to snow cover at other sites prior to AD 

1100, is modelled area H (containing farm sites E64 and E68), which is a low 

altitude site with ice sheet melt water river outflow. In outer fjord locations, snow 

cover in the unfavourable extreme climate of the initial settlement period prior to AD 

1100 is similar to snow cover at inner fjord locations in the most unfavourable 

extreme climate after AD 1100, with snow cover at 100% for, on average, 41-53 

days. The greatest snow cover occurs in outer-fjord locations in the most 

unfavourable worst climate after AD 1100 when snow cover is 100% lasting on 

average 53-63 days. Snow cover at Sandhavn is significantly lower in both 

unfavourable extreme climate periods, with 64% cover lasting on average 6 days in 

the unfavourable climate of the first 100 years of settlement and 98% cover lasting 

on average 9 days in the most unfavourable climate after AD 1100. Sandhavn, 

Garðar and modelled area O containing Norse ruins E78 and E78a are highlighted on 

the diagram, showing the differences in snow cover between southerly coastal site 

Sandhavn with the least snow cover, inner fjord and elite farm Garðar, and outer 

fjord and more isolated site E78 with the greatest snow cover. The model results of 

the most unfavourable extreme climate of the survival and abandonment period show 

that Sandhavn experiences the least snow. In April the homefields are 100% snow 

covered at all three sites, with snow cover lasting for, on average, 16 days at 

Sandhavn, 20 days at Garðar and 28 days at site E78. In May, the homefields are 

100% snow covered at Sandhavn for, on average, 8 days, at Garðar for 19 days and 

at site E78 for 27 days. Therefore at the isolated E78 farm, the ground is snow 

covered for the entire of April and May, whereas at the inner elite farm Garðar the 

ground is snow free for, on average, 10 days in April and May, and the homefields at 

Sandhavn are snow free for half of April and most of May. In June, the ground below 

300 m.a.s.l. at Sandhavn is 96% snow covered for, on average, 2 days only, at Garðar 
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is 91% snow covered for 3 days, and at E78 is 100% snow covered for 5 days. It is 

therefore possible to predict the areas likely to have early farm abandonment based 

on the variability in snow covered area across the Eastern Settlement in unfavourable 

extreme climate periods, shown in Figure 7.2. 

Figure 7.2: Location of Norse settlement sites across the Eastern 
Settlement and mean spring snow covered days at outer and inner 
fjord locations (LHS and RHS as separated by the white dotted line) 
below 300m.a.s.l. (homefields), between 300-750m.a.s.l. (grazing 
areas) and above 750m.a.s.l. (Basemap source: Google Earth, 2011)

The majority of Norse farms are located in the inner fjord areas below 300 m.a.s.l 

where average spring snow cover in the most unfavourable climate of the survival 
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and abandonment period over three months (90 days) is 45 days. Fewer and therefore 

more isolated farms are located in the outer fjord areas where the average spring 

snow cover in the most unfavourable climate is 60 days, 15 days longer than inner 

fjord areas. Whilst altitude generally decreases towards the coast, the rangelands 

between 300 - 750 m.a.s.l in the outer fjord areas are snow covered for, on average, 

80 days in spring of the most unfavourable climate after AD 1100, whereas in the 

inner fjord areas the rangelands were snow covered for, on average, 60 days in 

spring. A small number of Norse settlement sites are located above 300 m.a.s.l., 

perhaps summer shieling locations, and it is likely that these sites were abandoned 

prior to the lower altitude sites. Snow cover would, as shown by the model results, 

vary within these altitude ranges depending on the local topography and vegetation. 

The scattered nature of the outer fjord farms would increase their isolation, in 

addition to the greater spring snow cover, relative to the inner fjord farms, meaning 

they would have greater transport costs across the community provisioning networks 

and be less able to reach neighbouring farms for help so further reducing community 

cohesion. 

 Archaeological evidence at Sandhavn suggests that occupation of the site 

continued until the end of the 14th century, and with continuation of agriculture 

through to the period of Norse abandonment which does not reflect the 13th century 

shift away from agriculture evident at other Eastern Settlement sites (Arneborg et al., 

1999). The model results could explain why farming was able continue at Sandhavn, 

with a longer growing season and less snow cover relative to the Eastern Settlement 

sites further north where greater snow cover threatened land resources in periods of 

unfavourable extreme climate. At Sandhavn, model results indicate that the ground is 

also less snow covered in the autumn months relative to the sites further north, with 

the homefields mostly snow free from May to October even in the most unfavourable 

extreme climate of the survival and abandonment period after AD 1100. This is 

approximately three months longer than the June to August snow free period of the 

sites further north. Archaeological evidence of irrigation channels and soil 

fertilisation are found at Sandhavn, possibly as a response to the most extreme 

unfavourable climate periods that occurred after AD 1100. In extreme unfavourable 
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climate periods with the ground still partly snow covered in May, the soils would 

have taken longer to thaw resulting in a soil moisture deficiency. Irrigation channels 

diverting water from streams to the homefields would have been used to increase 

crop yields, with snow melt water in extreme unfavourable periods feeding the 

streams through June from the upper altitude areas where snow remains throughout 

the month. The sharp increase in altitude in the landscape around Sandhavn means 

that melting snow cover at high altitudes in the homefield river watersheds feeds the 

rivers for a longer duration than at the inner fjord sites further north. At the highest 

altitudes in the landscape modelled around Sandhavn the ground is snow covered in 

spring for over 60 days in the unfavourable climate of the initial settlement period, 

and 85 days in the most unfavourable climate of the survival and abandonment 

period after AD 1100 (Figure 6.75). In contrast, the highest altitude areas in the 

Garðar watershed are snow covered for 50 days in the unfavourable climate of the 

initial settlement period and 60 days in the most unfavourable climate of the survival 

and abandonment period (Figure 6.75). The highest altitudes above Sandhavn are not 

used as grazing areas, therefore extended snow cover does not limit grazing area but 

instead provides a source of fresh melt water late into spring, which could be used 

for irrigation and to prevent the soil moisture deficit that occurs as a result of frozen 

soils in unfavourable extreme climate periods. The supply of water in combination 

with the longer growing season may have been why terrestrial farming could 

continue at Sandhavn until the end of the 14th century, without the 13th century shift 

away from farming seen at the Eastern Settlement sites further north. 

	
 Similarly, there is archaeological evidence at the elite site of Garðar of 

irrigation channels, dams and fertilisation of soils. The farms could therefore take 

advantage of upper altitude snow melt later into the spring in unfavourable extreme 

climate periods by storing the water in dams above the homefields (Rousell, 1941) to 

combat the soil moisture deficiency. It is thought that Garðar was the largest holding 

of livestock in Norse Greenland with a winter stalling capacity of between 75 and 

100 cattle (Norland, 1936). In extreme unfavourable climate periods, therefore, 

irrigation could increase crop yields for fodder storage and livestock could be kept 

sheltered over the harsh winters so that numbers did not drop below reproduction 
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thresholds. Indeed, marine food consumption in the mid 13th century at Garðar was 

only 25% compared to 40-50% at other sites (Arneborg et al., 1999) suggesting that 

reliance on the marine resources was not as important or necessary for survival. 

Spring snow cover at Garðar in the extreme unfavourable periods is significantly less 

than at the more isolated outer fjord farms, such as site E78, which most likely did 

not have irrigation systems nor the capacity to store critical numbers of livestock 

over the winter.  In extreme unfavourable climate periods, therefore, the more 

isolated outer fjord farms would have relied on the elite farms to restore livestock 

numbers to the critical levels needed for subsistence when they dropped too low. In 

addition, in the current climate evidence shows that sea ice formation is significantly 

lower in the inner Garðar/Igaliku fjord, where the Garðar farm site is located, due to 

the limited exchange of water between inner and outer fjord areas as a result of 

islands narrowing the channel (Jensen et al., 2004). This is in contrast to the 

surrounding fjords, which in the current climate are ice covered in late winter and 

early spring, and it is likely that similar reduced sea ice formation occurred at the 

inner Garðar fjord in medieval Greenland since the islands in the channel would have 

had the same narrowing effect. The early warning signals of stress, longer recovery 

periods, and increased climate variance felt by the most isolated and smaller farms 

were more severe relative to at the elite farms such as Garðar, where climate 

variations were masked by reduced snow cover, reduced fjord ice, greater livestock 

wintering resources and the ability to irrigate and fertilise the homefields. 

Community decisions were made, however, by the elite based on magnate farms such 

as Garðar which was the location of the general assembly for Greenland. With some 

farms prospering, the adaptive strategies such as increased reliance on the seal hunt 

could have seemed sufficient to survive the extreme unfavourable climate periods 

until the conjunctures of the 15th century developed and it was too late to develop 

different responses. 

 It is possible that the Norse utilised vegetation to influence snow cover and 

depth. Increased vegetation height traps a greater volume of blowing snow, and 

therefore snow cover remains for longer and the volume of spring snow melt is 
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greater. Scrub vegetation (for example of height 50-150cm) clearance to grassland 

(for example of height 15-30cm) reduces snow depth by 50% in the order of 

magnitude of tens of centimetres, and reduces snow cover duration by a minimum of 

5-10 days. Vegetation clearance would therefore have reduced snow cover, but taller 

vegetation may have been left around the grazing areas for sheep and goats to browse 

throughout the winter (being woody this could be of limited, but perhaps vital 

nutritional value). In addition, vegetation regrowth may have been allowed to occur 

above the homefields or around irrigation channels and dams to maintain deeper 

snow depths for a longer duration to provide a greater volume of snow melt water 

available for longer, which could be temporarily stored in the dams and used to 

combat the soil moisture deficit of the summer months.  

7.6. Contemporary implications for sub-arctic communities

It is difficult to identify when a critical transformation (Scheffer et al., 2012) is being 

approached with long term climate change where the signals may be difficult to 

separate from the noise. If change develops over decadal timescales, early warning 

signals may, however, occur in the form of increased climate variance and flickering 

between alternate climate states. As a literate society, the Norse might have been able 

to identify climate extremes outside the range of personal experience. In 

contemporary society, where we have far greater abilities to both create and analyse 

long-term records, it is important that such early warning signals are not ignored, 

especially if they are masked from the day-to-day experiences of the decision making 

elite or by short-term adaptive measures. Societies that are not aware of imminent 

changes of state are more likely to intensify existing practices in unfavourable 

conditions, rather than making effective, transformative change in order to meet the 

approaching climate challenge.

 This thesis illustrates the valuable insights that numerical models can provide 

in understanding the environmental detail necessary for an effective development of 

human ecodynamics research. The likely response of communities to past climate 

change can be constrained by quantifying, for the first time, the likely range of snow 
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variability at a human scale, in this case across the Norse Eastern Settlement of 

Greenland. The modelling in this thesis shows how an effective human scale 

evaluation of snow cover adds important nuance to the assessment of the key drivers 

of transformative change in Norse Greenland. It also illustrates the potential value of 

similar modelling in the evaluation of possible future climate change impacts on 

other sub-arctic (or high altitude) and relatively marginal communities. Whilst 

contemporary societies have improved technology and knowledge relative to the 

Norse Greenlanders, there continues to be a reluctance to recognise early warning 

signals of future critical transformations and make fundamental changes in society to 

combat increased climate variance. Many sub-arctic populations are geographically, 

economically and politically marginalised, and it is important that policy makers 

based in large urban areas affected by different climates do not overlook the spatially 

varied impact of environmental change on other groups. Numerical snow models are 

now developing into an effective tool to aid the understanding of potential future 

climate change impacts on sub-arctic communities, and to identify potential 

mitigation strategies.
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Chapter 8

Conclusions

8.8

8.1. Introduction

This thesis tests and applies a new, physically based snow distribution and melt 

model at spatial scales of tens of metres and temporal scales of days across sub-arctic 

landscapes, in order to assess the significance of snow variability in sub-arctic 

human ecodynamics at resolutions relevant to human activities. This Chapter 

summarises the key findings of this study. Three main research objectives have been 

tackled, firstly to determine where snow accumulates in sub-arctic landscapes, 

secondly to quantify the length of snow cover duration and thirdly to analyse how 

variation in snow cover impacts human ecodynamics, with focus on the medieval 

Norse settlement in Greenland. This Chapter reflects on how this thesis has achieved 

and also gone beyond these aims in terms of model input data processing, calibration 

and verification methods which have enabled human scale analyses of snow cover 

from regional scale climate data and in the absence of medieval landscape data. 

Finally, this Chapter evaluates wider implications arising from the work in this 

thesis.
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8.2. Where does snow accumulate across the landscape?

8.2.1. Empirical data at Abisko and Heidal valley

Empirical measurements of snow depth and density distribution across an open 

patchy forest and tundra landscape of Sami cultural origins at Abisko, Sweden, and 

of snow distribution and melt across the mixed forest and farming steep sided valley 

of Heidal, Norway are collected, alongside the study of human-landscape 

interactions. The aim is to better understand snow-landscape-climate processes that 

are simulated in the numerical model by analysis of these relationships in a known 

landscape. 

 Snow distribution across the Abisko landscape clearly differs according to 

vegetation and topography, with greater snow depths and SWE measured in the 

relatively sheltered forested areas and in topographic hollows and lee slopes in open 

areas. Dense wind crusts develop in the open areas and above the tree line, resulting 

in higher density measurements relative to snow in forested areas. The Abisko 

landscape is relatively open and exposed compared to the steep sided Heidal valley, 

and the forested areas are birch trees which provide shelter but do not have a winter 

canopy to intercept significant volumes of snow. The open areas in the Abisko 

landscape are relatively larger in size of over 1km2 compared to the clearings in 

Heidal valley, and are therefore more exposed with a long fetch, allowing open area 

snow characteristics and distribution (high snow density, low variability, ice layers 

and low snow depth) to develop. In Heidal valley, the distribution of snow is more 

complex, with dense tree canopies intercepting snow and resulting in low snow 

depths in forested areas. The smaller sized clearings of 200-400m2 do not allow for a 

long fetch and are relatively sheltered compared to the open areas in the Abisko 

landscape, therefore there is little significant difference between snow distribution 

characteristics in the forested and clearing areas at mid-elevations in the Heidal 

valley landscape. At the more exposed areas along the valley bottom, less dense 

forest at the tree line and open tundra above the tree line, the pattern of snow 

distribution is more similar to Abisko with less dense snow accumulating in 
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topographic hollows and areas of taller vegetation, compared to lower snow depths 

in the more windswept open areas with dense wind crusts.

 As a result of empirical data analysis alongside secondary topographic, 

climate and vegetation data, key factors that influence snow distribution across sub-

arctic landscapes are identified. Key variables affecting snow distribution are 

identified as wind speed and direction, topography, vegetation cover including the 

size of clearings or open areas, and vegetation type such as density of the canopy. An 

understanding of how snow distribution varies across these known sub-arctic 

landscapes is used to understand and verify snow model output across the unknown 

landscapes of medieval Norse Greenland, and to understand the impact changes in 

topography, wind speed and vegetation may have had on snow distribution.

8.2.2. Modelled snow distribution across the Norse Eastern Settlement

Model simulations of vegetation and wind speed changes show similar relationships 

between vegetation height, wind speed and snow cover as those measured at Abisko 

and Heidal valley. Modelled wind speed scenarios at Brattahlið show that lower wind 

speeds result in snow being blown a shorter distance from cleared low vegetation 

height areas into surrounding areas of greater vegetation height, and a smaller 

volume of snow being blown from the cleared areas. In a maximum wind speed 

scenario where annual average wind speeds are 1.5m/s greater than a minimum wind 

speed scenario, the depth of blown snow in greater vegetation height areas is 

approximately 20cm greater than in a minimum wind speed scenario. Greater wind 

speeds blow greater volumes of snow from unsheltered areas and as a result, greater 

localised drifting occurs. Modelled snow distribution across the Eastern Settlement 

shows that greater snow depths occur where snow collects in greater vegetation 

height areas, where vegetation traps greater volumes of blowing snow from 

surrounding areas of  lower vegetation with lower snow depths. Model scenario runs 

with varying vegetation heights at Garðar show that removing scrub vegetation (for 

example of height 50-150cm) to grassland (for example of height 15-30cm) reduces 

snow depth by 50% in the order of magnitude of tens of centimetres. The lack of tree 
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vegetation across the modelled Norse landscape means that all areas are relatively 

exposed (for example compared to the dense forested areas in Heidal valley or birch 

tree patches in Abisko), with snow blowing from lower vegetation areas at both low 

and high altitudes and collecting in areas of taller vegetation. Winter snow depths are 

therefore generally greater at higher elevations, especially in areas of higher 

vegetation, due to the greater volume of precipitation and lower temperatures 

resulting in a greater proportion of precipitation falling as snow.  

8.3. For how long is the landscape snow covered?

8.3.1.  Empirical data at Heidal valley

The most pronounced differences in snow cover across the Heidal valley landscape 

occur in the snow melt period, with differences in direct radiation due to varying 

aspect and vegetation cover resulting in different snow melt rates on sunny slopes 

and in clearings. Snow melts at a faster rate in clearings which receive direct 

radiation, and the ground remains snow covered for longer in the forested areas. 

Snow melts at a greater rate at lower elevations which are warmer in temperature, 

especially on the sunny side where the farm clearings adjacent to the river are snow 

free at the same time as patchy snow cover remains on the shady side. Snow density 

increases over time with metamorphosis of the crystals and ripening of the snow 

pack as it nears melt, resulting in variable snow density in the melt period across the 

landscape. At the highest elevations where temperatures are lowest, the pattern of 

SWE is similar in the pre-melt and mid-melt periods because only minimal snow 

melt has occurred, but the magnitude of SWE is higher in the mid-melt period due to 

the increase in snow density over time. 

 As a result of empirical data analysis alongside secondary topographic, 

climate and vegetation data, key factors that influence snow melt and the length of 

time the ground is snow covered across sub-arctic landscapes are identified. Key 

variables influencing the rate of snow melt and the timing at which the ground is 

snow free are the elevation in terms of temperature decrease with altitude, aspect in 
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terms of direct radiation received, and vegetation cover with trees providing shelter 

from direct radiation. An understanding of how snow melt varies across this known 

sub-arctic landscape is used to understand and verify snow model output across the 

unknown landscapes of medieval Norse Greenland, and to understand the impact 

variations in topography, vegetation and temperature may have had on the length of 

time the ground is snow covered. 

8.3.2. Modelled snow melt across the Norse Eastern Settlement

Snow model output analysis is focused in the spring months (April to June) which 

are key in the Norse annual calendar when winter fodder and food storage resources 

were likely to be depleted, and activities such as provisional gathering of food, 

moving livestock to pastures free of snow and sealing in the coastal region were, 

therefore, key for survival. Across the Eastern Settlement snow model results show 

that there was an approximate 2 month shift in the homefields becoming snow free 

between the favourable and unfavourable climate conditions experienced by the 

Norse, and a 10 day shift in snow cover between the unfavourable climate conditions 

of the initial settlement period and the most unfavourable climate conditions of the 

survival and abandonment period after AD 1100. The homefields (generally below 

300 m.a.s.l.) were snow free from May in the most favourable extreme climate 

periods, and had less than 10 days snow cover in April. In contrast, in the least 

favourable extreme periods the homefields were mostly snow free only by June in 

which there was less than 5 days snow cover. Annual model results indicate that the 

length of time the homefields were snow covered in winter, the period when animals 

need fodder or to graze on dead vegetation, was approximately 8-9 months (mid-

September to mid-May) in unfavourable climate extremes compared to 5-6 months 

(November to mid-April) in favourable climate periods. 

 Local variation in current Greenland meteorological data indicates that 

medieval Norse settlement sites in different locations would have had varying 

experiences of the same regional climate extremes. The majority of Norse farms 

were located in the inner fjord areas below 300 m.a.s.l where average spring snow 
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cover (April-June, with a maximum 90 days) in the most unfavourable climate of the 

survival and abandonment period was 45 days. Fewer and therefore more isolated 

farms are located in the outer fjord areas where the average spring snow cover in the 

most unfavourable climate was 60 days, 15 days longer than inner fjord areas. Winter 

snow depths at higher altitudes are greater, especially in areas of taller vegetation, 

and therefore remain snow covered for longer. In addition, temperatures are lower at 

higher altitudes and therefore reach the melt threshold at a later date relative to lower 

altitudes. The upper shieling and outfield grazing areas above 300 m.a.s.l., therefore, 

were snow covered for longer. Whilst altitude generally decreases towards the coast, 

the rangelands between 300 - 750 m.a.s.l in the outer fjord areas were snow covered 

for, on average, 80 days in spring of the most unfavourable climate after AD 1100, 

whereas in the inner fjord areas the rangelands were snow covered for, on average, 

60 days in spring. Local variation in snow cover duration also results from variations 

in vegetation height cover across the landscape. Snow cover remains longer in areas 

of greater vegetation height, where vegetation provides shelter and traps greater 

volumes of blowing snow from surrounding areas of  lower vegetation height. Model 

scenario runs with varying vegetation heights at Garðar show that removing scrub 

vegetation (for example of height 50-150cm) to grassland (for example of height 

15-30cm) reduces snow cover duration by a minimum of 5-10 days.

 Focus on spring snow cover at the key Norse settlement sites of Garðar (inner 

fjord, elite farm), model area O including ruin groups E78 and 78a (outer fjord, 

relatively isolated farms) and Sandhavn (south coast large settlement) illustrates the 

difference in snow cover experienced as a result of the same regional climate change. 

In the unfavourable climate of the survival and abandonment period at altitudes 

below 300m.a.s.l., the ground at Sandhavn was snow covered for a range of 20-30 

days between April and June and at Garðar snow cover lasted for 35-50 days. In 

contrast, the ground at model area O below 300m.a.s.l. was snow covered for 55-65 

days in the unfavourable climate of the survival and abandonment period, on average 

15-20 days longer than at Garðar and 30 days longer than at Sandhavn. At Sandhavn 

snow cover above 700m.a.s.l. in the unfavourable climate of the survival and 
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abandonment period lasted between 65-85 days, meaning that snow melt runoff from 

upper altitude areas was available as water supply at lower altitudes through the 

spring months. At Sandhavn, a combination of irrigation structures, soil fertilisation, 

late spring snow melt runoff from upper altitudes and reduced snow cover at the 

homefields relative to settlement sites further north may explain the continuation of 

agriculture through to the period of Norse abandonment without the 13th century shift 

away from agriculture evident at other Eastern Settlement sites. 

 The combination of empirical measurements and model simulations of snow 

variability in sub-arctic landscapes at a human scale, enables an increased 

understanding of the interaction between sub-arctic landscapes and the communities 

that rely on them for resources and survival. This thesis illustrates for the first time 

how snow distribution and melt varied across the medieval landscape of the Norse 

Eastern Settlement at a human scale. This new understanding of snow cover variation 

combined with archaeological evidence enables further analysis of the ‘completed 

experiment’ of the Norse. These long-term perspective insights enable an 

understanding of how variations in snow at a scale relevant to human experience 

impact SESs, and how societies respond to these variations. 

8.4. How do changes in the spatial and temporal distribution 

of snow impact human ecodynamics? 

8.4.1. Medieval climate variation across the Norse Eastern Settlement

The impact of variations in the temporal and spatial distribution of snow depends on 

the climatic, cultural and economic context in which they occur. Changes in the 

spatial and temporal distribution of snow during the medieval Norse occupation of 

the Eastern Settlement resulted from significant climate variation which was outside 

of the Norse TEK. Climate data clearly indicates that the initial Norse settlement of 

Greenland coincided with a period of relatively calm, stable and warm climate 

around AD 1000. GCM analysis of the frequency, magnitude and duration of extreme 

climate periods indicates that during the first 100 years of Norse settlement, extreme 
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climate occurred in the form of five unusual warm periods. After AD 1100, however, 

GCM analysis indicates that periods of unusual cold occur for the first time in 

southwest Greenland, and are therefore outside the range of Norse TEK developed in 

Greenland. Analysis shows that the magnitude of the extreme cold periods does not 

necessarily increase from AD 1100 onwards, but that extreme cold periods occur 

more frequently, with longer durations, and without extreme interspersed warm 

periods. The recovery period of a system from a perturbation, such as an extreme 

unfavourable climate period, becomes longer as the system becomes more stressed, 

increasing the impact of the perturbation and preventing the system from taking 

advantage of any favourable periods of climate. The end of Norse settlement 

sometime in the middle of the 15th century AD coincided with the intensification of 

the Little Ice Age, with increased inter-annual temperature and precipitation 

variability, colder temperature extremes, increased sea ice, relative sea level rise and 

increased storminess. The Norse survived the extreme cold periods of the 13th and 

14th centuries, but had abandoned the Eastern Settlement by AD 1450 with the 

conjunctures of short term and long term changes that were both environmental and 

cultural. The cultural context of the 15th century saw economic changes sweeping 

Europe in the aftermath of the Black Death and patterns of trade changing with a 

reduced demand for walrus ivory. The waning of Norwegian royal power was also 

contributing to growing isolation of the Norse, and within Greenland the range of the 

Thule Inuit was expanding bringing new challenges of culture contact. The human 

scale impact of the climate extremes occurring between AD 1000-1500 on Norse 

everyday activities depends largely on the resulting snow cover variation due to the 

importance of pastoralism and the close interaction of Norse activities with the 

landscape.

8.4.2. Human scale impact of snow variations

The spring months (April - June) were key in the Norse annual calendar because 

fodder supplies in the early spring are likely to be approaching exhaustion, therefore 

the gathering of new food supplies and being able to move livestock to pastures free 
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of snow is essential. In the unfavourable extreme climate periods, the ground is 

likely to have remained frozen through April and May, with snowcover lasting into 

June, preventing many key subsistence related activities and leaving a significant 

resource gap. Cooler temperatures, frozen ground and snowcover would limit 

grazing and threaten the spring survival of the livestock in the homefields, especially 

the new-born. The reduced growing season in the unfavourable climate periods 

lowered crop yields and reduced the quantity of fodder available to store and use 

over the following winter. With a short snow free period from June to August and 

even shorter growing season, if extreme unfavourable climate periods occurred 

consecutively not only would more fodder be required for livestock to survive the 

longer harsh winter, but less fodder would be available in storage from the previous 

growing season, and damage due to the winter grazing of vegetation would increase. 

Snow cover into April and May in the unfavourable extreme periods may have 

prevented the soils from thawing until June, resulting not only in a shorter growing 

season but also a soil moisture deficit. The ability to store and utilise water from 

streams supplied by upper altitude later spring snowmelt using dams and irrigation 

systems, such as those found at the elite farms of Garðar, Brattahlið and Sandhavn, is 

therefore key to combat summer homefield soil moisture deficits and maximise 

productivity in the growing season. Towards the late spring, the Norse followed new 

growth into the uplands and moved animals and people to the shielings in the inland 

and highland. In the unfavourable extreme climate periods, the outfield ground 

would be covered in snow and frozen in April and May preventing grazing, and 

snowfall in June would threaten the survival of both the livestock and people that had 

moved to the shielings. Greater wind speeds would result in increased snow drifting, 

which could trap livestock and threaten livestock survival especially in the 

rangelands. In addition, prolonged harsh winters with extensive snow cover from 

November to March with no mid-winter melt periods would prevent winter grazing 

in the homefields and outfields, and threaten livestock survival both at the farmstead 

and in outfield grazing areas. High livestock winter mortality rates, especially at the 

more isolated outer fjord farms, could have reduced livestock numbers to below key 
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replacement thresholds. Reliance on the elite farms to restore livestock numbers to 

the critical levels needed for subsistence is likely to have enhanced social hierarchy 

and social stratification within society.

 The Norse adapted to the increasing pressure on the terrestrial system through 

the 13th century AD by intensifying pre-existing aspects of the economy (sealing) 

rather than innovation. In the initial unfavourable climate years of the 13th century, 

increasing intensification of the seal hunt could have been a very efficient and 

effective way to fill the spring resource gap. With the harsh winters of extensive 

snow cover putting pressure on the terrestrial ecosystem, no economic change, 

limited TEK and a lack of marine fishing, this intensified focus on the migrating seal 

populations was arguably the only adaptive route open to the Norse. The increased 

reliance on the migratory seals, however, led the Norse towards a rigidity trap where 

they were increasingly vulnerable to factors affecting the annual seal migration, its 

timing and location. With the landscape snow covered through April and May in the 

unfavourable extreme climate periods, the journey to the seal hunting areas would be 

increasingly risky, and in the 15th century the journey risk became even greater due 

to increased storminess and sea ice outside of the local Norse TEK. In late medieval 

Norse society where populations were almost certainly falling to levels that posed 

risks to communally-based activities and the vital subsistence network, the increased 

risk of population loss (specifically physically-active men) as a result of sealing 

accidents (or indeed violent conflict with the Inuit) could potentially be catastrophic. 

If the population passed the minimum threshold for communal activities and the 

maintenance of their provisioning networks (of domesticates, caribou, marine 

mammals), then the Norse would have faced a terminal subsistence crisis with 

increased snow cover limiting land based resources, population loss limiting marine 

hunting resources and insufficient alternative resource options for survival. 

 The modelling in this thesis shows that snow cover could have been a 

significant driver of transformative change in Norse Greenland by placing selective 

pressures on the terrestrial ecosystem and prompting adaption through increased 

reliance on the marine resources. The high resolution scale of the modelling enables 

DISCUSSION and CONCLUSIONS: Chapter 8 Conclusions

304



an understanding of how regional scale projections of climate change are likely to 

play out at the local level. It is difficult to identify when a climate-ecological 

threshold is approaching and when radical social change will result, but the increased 

variance in climate fluctuations from AD 1100 and periods of extreme unfavourable 

climate outside of Norse TEK would have produced strong directional drivers of 

change. Early warning signals of proximity to the critical limits of the Norse system 

in 14th century Greenland could have been expressed as an increasing recovery time 

from perturbations (Veraart et al., 2012). Plugging the spring resource gap with 

increased reliance on the seal hunt could have masked these indications that collapse 

was closing in, as could a relative disconnection of the elite. Model results show that 

these early warning signals could have been masked for the Norse decision making 

elite (such as at Garðar) because they were located in the most favourable and least 

snow covered locations, with increased structural advantages of irrigation systems 

and overwinter cattle stalls. Continuity in archaeology and no evidence of 

fundamental change in society or practices indicates that the Norse did not recognise 

these early warning signals until the unfavourable environmental and cultural 

conjunctures of the 15th century when it was too late to develop a different response.

8.5. Modelling snow

In order to achieve the three aims above, the calibration, verification and application 

of a high resolution numerical snow model was required.  This thesis demonstrates 

the application of a high resolution snow model using low resolution GCM climate 

input data, and determines suitable calibration and validation methods when 

empirical snow data are not available. Remote high latitude settlements are typically 

inaccessible and lack observation data, especially at high resolutions and spanning 

multi-decadal time periods. Numerical models are, therefore, valuable tools and 

often the only way to understand and simulate temporal and spatial variations in 

snow cover as a result of climate and landscape change. This thesis presents an 

additional tool, in the form of a physically based distributed snow model, for 

understanding a key element of both the past and possible futures of sub-arctic 
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human ecodynamics. Modelling snow across landscapes where snow measurements 

are not available presents a challenge for model calibration and validation. This is 

tackled in this thesis by calibrating the model using current DMI meteorological data 

and measured snow depths, with the parameter values spatially transferred across the 

Eastern Settlement and temporally transferred to the medieval Norse period AD 

1000-1500. To test this method, model performance using temporally and spatially 

transferred parameter values is evaluated using secondary data from Idaho, France 

and Greenland. The results indicate that the physically based energy balance melt 

model simulates SWE and snow depth with RMS errors of less than 45kg m-2 and 

20cm, respectively, when using parameter values calibrated over a 10 year period 

and temporally transferred to other years. Results indicate that parameter calibration 

over time periods longer than 10 years does not significantly improve model 

performance using transferred parameter values. In addition, the comparison of a 

simpler temperature index melt model indicates that the energy balance model 

produces lower RMS errors when calibrated parameter values are temporally 

transferred over long time periods of 25 years. On testing the model performance in 

years of extreme cold and warm climate with temporally transferred parameter 

values, the model is generally expected to reliably simulate the length of time over 

which the ground is snow covered, with errors more likely to occur in the peak snow 

magnitude. For extreme cold years, RMS errors between simulated and measured 

snow are expected to be less than 22cm snow depth and 38kg m-2 SWE, and for 

extreme warm years less than 28cm snow depth and 60kg m-2 SWE. Snow model 

output analysis is, therefore, focused on the length of time the ground is snow 

covered and variations in snow depth. Analyses of spatial transfer of calibrated 

parameter values between different locations shows that poor snow simulations can 

occur when transfer is between substantially different landscapes and climates. 

Across the similar landscape and regional climate of the Eastern Settlement in 

Greenland, however, parameter value spatial transfer results in low RMS errors 

between simulated and measured snow depth of less than 25cm. The distributed 

model is validated against empirical snow depth data at Abisko and snow cover 

DISCUSSION and CONCLUSIONS: Chapter 8 Conclusions

306



visible in Landsat satellite imagery across the modelled areas in Greenland. 

Validation results show that the model simulates the spatial distribution of snow 

reliably across the landscape according to topography and vegetation at scales of tens 

of meters. The result of model calibration and validation is that snow cover across 

the medieval Norse Eastern Settlement can be modelled with confidence, with a 

contextual understanding of model performance, accuracy and uncertainty across 

sub-arctic landscapes. Model application at a human scale required significant input 

data processing, namely to downscale the regional GCM climate data to reflect local 

climate variability across the Eastern Settlement. This was achieved by correcting the 

regional GCM data to current local DMI climate data at three meteorological stations 

within the Eastern Settlement. As a result this thesis presents, for the first time, local 

long term climate variability at coastal, inner fjord and south coast locations across 

the Eastern Settlement during the Norse medieval period AD 1000 - 1500. Model 

application using the downscaled GCM climate data and temporal calibrated 

parameter transfer enables a human scale analysis of the potential impact of snow 

cover on historical societies and a greater understanding of society response. This 

allows for broader implications of snow cover variability in sub-arctic societies and 

social adaptations to be discussed. 

8.6. Wider implications

The modelling in this thesis shows that snow cover could have been a significant 

driver of transformative change in Norse Greenland because of its impact on the 

availability of grazing, both through its relationship to growing season and its direct 

effects on the availability of winter grazing and hydrology. We are now in a position 

to add snow simulations into holistic modelling efforts that combine degree days, 

productivity, crop modelling, hydrology and soils. Snow is also likely to be key in 

understanding the potential impact of future climate changes on similar sub-arctic 

and relatively marginal communities. It is difficult to identify when a climate 

threshold is being approached with long term gradual climate change where the 
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signals are difficult to separate from the noise. In contemporary society, it is 

important that such early warning signals are not ignored, especially when they may 

be masked for the decision making elite or by adaptive measures that lack long term 

utility. Societies that are not aware of a approaching thresholds are more likely to 

intensify existing practices under unfavourable conditions, rather than making the 

effective, transformative change that would mitigate negative impacts of change. 

Contemporary sub-arctic societies are currently experiencing changes in snow cover, 

at Abisko, for example, the accelerated thawing of permafrost (related to reduced 

spring snow cover) and increased growing season length is expected to result in 

transitions of vegetation which would have significant effects on tundra and 

mountain ecosystems. Empirical results indicate ways that landscape management 

could mitigate change. Greater depths of snow can last for longer in vegetated areas, 

and snow can be retained in small clearings due to surrounding sheltering forests. In 

Heidal valley this would provide a greater magnitude of snow melt runoff later into 

the spring. In order to mitigate the effects of warming temperatures, farmers could 

recognise the importance of mixed land use and limit the scale of clearings avoiding 

the concentration of farming into uniform areas more vulnerable to climate change. 

Whilst current populations have improved technology and knowledge relative to the 

Norse Greenlanders, there continues to be a reluctance to recognise early warning 

signals of future critical transformations and make fundamental changes in society to 

combat increased climate variance. It is important that urban policy makers do not 

overlook the potential impact of climate change on marginal and rural sub-arctic 

populations.

 This thesis has illustrated how numerical models are extremely useful for 

simulating the impacts of landscape change (i.e. in terms of vegetation) and climate 

variability on snow cover at a human scale, and provides an additional tool for 

understanding a key element of both the past and possible futures of sub-arctic 

human ecodynamics. Numerical snow models should be considered as a tool to aid 

the understanding of potential future climate change impacts on sub-arctic 

communities, and to identify potential mitigation strategies.
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Appendix A

Abisko AT and ANS meteorological 

data 2008-2009
Meteorological data recorded at the Abisko Tundra (AT) site (752m.a.s.l.) compared 

to data recorded at the Abisko Scientific Research Station (ANS) (388m.a.s.l.) for the 

hydrological year 2008-2009. To run the numerical snow model, AT hourly 

meteorological data are used with missing data filled by ANS records. 

Figure A.1: 2008-2009 incoming shortwave radiation at AT and ANS 
Abisko sites
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Figure A.2: 2008-2009 incoming longwave radiation at ANS Abisko 
site, AT data is missing

Figure A.3: 2008-2009 precipitation rate at AT and ANS Abisko sites
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Figure A.4: 2008-2009 air temperature at AT and ANS Abisko sites

Figure A.5: 2008-2009 relative humidity at AT and ANS Abisko sites
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Figure A.6: 2008-2009 wind speed at AT and ANS Abisko sites

Figure A.7: 2008-2009 wind direction at AT and ANS Abisko sites
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Figure A.8: 2008-2009 air pressure at AT and ANS Abisko sites, 
there is a significant difference between air pressure data recorded at 
AT and ANS sites, therefore AB air pressure is also plotted

APPENDIX  A:  Abisko AT and ANS meteorological data 2008-2009

315



APPENDIX  A:  Abisko AT and ANS meteorological data 2008-2009

316



Appendix B

Calibration of Tinytag loggers at Heidal
Tinytag data loggers are calibrated to a Kestral 4000 instrument over a twenty day 

period post fieldwork from the 10th to the 29th May 2010 in indoor conditions. 

Differences in temperature and relative humidity recorded by the Tinytags and 

Kestral 4000 are plotted.

Figure B1: Recorded temperature difference between each 
uncalibrated Tinytag logger and a Kestral 4000 over a 20 day period 
in indoor conditions, differentiated between sunny or shady transect 
location when in the field
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Figure B2: Recorded relative humidity difference between each 
uncalibrated Tinytag logger and a Kestral 4000 over a 20 day period 
in indoor conditions, differentiated between sunny or shady transect 
location when in the field. Note that Tinytag 8 shows significant 
differences

The relationship of the temperature and relative humidity data between each Tinytag 

and Kestrel is plotted below, with the line of best fit equation used to calibrate the 

Tinytag data. 
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Figure B3: Relationships between Tinytag (used on the sunny side 
transect) recorded temperature and Kestral over a 20 day period in 
indoor conditions, with line of best fit and equation used for 
calibration. 
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Figure B4: Relationships between Tinytag (used on the shady side 
transect) recorded temperature and Kestral over a 20 day period in 
indoor conditions, with line of best fit and equation used for calibration
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Figure B5: Relationships between Tinytag (used on the sunny side 
transect) recorded relative humidity and Kestral over a 20 day period 
in indoor conditions, with line of best fit and equation used for 
calibration
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Figure B6: Relationships between Tinytag (used on the shady side 
transect) recorded relative humidity and Kestral over a 20 day period 
in indoor conditions, with line of best fit and equation used for 
calibration
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Appendix C

Vegetation height across Greenland 

model areas
Vegetation cover is derived from NDVI values calculated from Landsat satellite 

imagery, and assigned vegetation heights. Vegetation height across each modelled 

area A-T and Sandhavn (see Figure 3.12) is shown below. For each image, the 

vegetation height colour coding is as follows:

    

Figure C1: Vegetation height across model areas A, B, C, 
respectively

    

Figure C2: Vegetation height across model areas D, E, F, 
respectively
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Figure C3: Vegetation height across model areas G, H, I, 
respectively

    

Figure C4: Vegetation height across model areas J, K, L, 
respectively

    

Figure C5: Vegetation height across model areas M, N, O, 
respectively
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Figure C6: Vegetation height across model areas P, Q, R, 
respectively

    

Figure C7: Vegetation height across model areas S, T, Sandhavn, 
respectively
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Appendix D

Current DMI climate data
Data from three DMI stations, Narsarsuaq 04270, Qaqortoq 04272 and Nanortalik 

04273 (Carstensen and Jorgensen, 2010 ) are used to analyse current climate 

variability across the Eastern Settlement. The daily meteorological variables 

recorded at each station are plotted below from 1960 to 2010, where available. 

Figure D.1: Daily climate variables recorded at DMI station 
Narsarsuaq 04270 from 1960-2010: air temperature, relative humidity, 
wind speed, precipitation, air pressure and snow depth
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Figure D.2: Daily climate variables recorded at DMI station 
Narsarsuaq 04270 from 1960-2010: maximum and minimum air 
temperature, cloud cover and wind direction.

Figure D.3: Daily climate variables recorded at DMI station Qaqortoq 
04272 from 1960-2010: air temperature, relative humidity, wind 
speed, precipitation, air pressure and snow depth
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Figure D.4: Daily climate variables recorded at DMI station Qaqortoq 
04272 from 1960-2010: maximum and minimum air temperature, 
cloud cover and wind direction

Figure D.5: Daily climate variables recorded at DMI station 
Nanortalik 04283 from 1960-2010: air temperature, relative humidity, 
wind speed, precipitation, air pressure and snow depth
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Figure D.6: Daily climate variables recorded at DMI station 
Nanortalik 04283 from 1960-2010: maximum and minimum air 
temperature, cloud cover and wind direction
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Appendix E

Comparison of current climate DMI 

and corrected GCM data
Current climate monthly and daily GCM data corrected to three local DMI stations 

(Narsarsuaq - inner fjord, Qaqortoq - outer fjord, Nanortalik - south coast), compared 

to measured DMI data.

Narsarsuaq (inner fjord)

Figure E1: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily mean air pressure
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Figure E2: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily sum rain precipitation

Figure E3: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily sum snow precipitation
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Figure E4: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily mean relative humidity

Figure E5: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily mean temperature
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Figure E6: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly and daily mean wind speed

Figure E7: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly mean shortwave and longwave radiation. 
Monthly data only are plotted since both are modelled data sets

APPENDIX  E:  Comparison of current climate DMI and corrected GCM data

334



Qaqortoq (outer fjord)

Figure E8: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily mean air pressure

Figure E9: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily sum rain precipitation 
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Figure E10: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily sum snow precipitation 

Figure E11: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily mean relative humidity
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Figure E12: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily mean air temperature

Figure E13: Current climate DMI Qaqortoq (outer fjord) and GCM 
corrected data, monthly and daily mean wind speed
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Figure E14: Current climate DMI Narsarsuaq (inner fjord) and GCM 
corrected data, monthly mean shortwave and longwave radiation. 
Monthly data only are plotted since both are modelled data sets
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Nanortalik (south coast)

Figure E15: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily mean air pressure

Figure E16: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily sum rain precipitation
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Figure E17: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily sum snow precipitation

Figure E18: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily mean relative humidity
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Figure E19: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily mean air temperature

Figure E20: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly and daily mean wind speed
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Figure E21: Current climate DMI Nanortalik (south coast) and GCM 
corrected data, monthly mean shortwave and longwave radiation. 
Monthly data only are plotted since both are modelled data sets
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Appendix F

Extreme climate years in the GCM

AD 1000-1500 record
The 10 warmest and coldest mean annual temperature years, highest and lowest 

mean annual sum precipitation years, and highest and lowest mean annual wind 

speed years are selected as the climate range experienced in each time period: AD 

1000-1100 (initial settlement period), AD 1100-1300 (survival period) and AD 

1300-1500 (abandonment period). For precipitation and wind speed, DMI data with a 

similar annual mean and sum, respectively, are chosen to use as model input due to 

the inaccuracies of the GCM daily data for these variables. The years of extreme 

climate in the AD 1000-1500 record are detailed in the following tables. The annual 

mean temperature, wind speed and annual sum precipitation presented is for the 

GCM data corrected to the inner fjord Narsarsuaq DMI station. The GCM data is 

corrected to each DMI station so that the same extreme climate years are identified in 

each dataset. 

Table F1: Ten extreme warm and cold annual mean temperature 
years in the GCM record within the time periods AD 1000-1100, AD 
1100-1300 and AD 1300-1500. 

AD 1000-1100AD 1000-1100AD 1000-1100AD 1000-1100 AD 1100-1300AD 1100-1300AD 1100-1300AD 1100-1300 AD 1300-1500AD 1300-1500AD 1300-1500AD 1300-1500

ColdestColdest WarmestWarmest ColdestColdest WarmestWarmest ColdestColdest WarmestWarmest

Year oC Year oC Year oC Year oC Year oC Year oC

1050 -1.0 1005 3.0 1279 -1.6 1282 3.2 1372 -1.7 1395 3.0

1035 -0.7 1095 3.1 1253 -1.5 1144 3.3 1446 -1.5 1401 3.1

1060 -0.5 1089 3.1 1259 -1.4 1138 3.4 1459 -1.5 1403 3.1

1023 -0.3 1063 3.2 1121 -1.1 1223 3.5 1422 -1.3 1327 3.2

1062 -0.0 1054 3.3 1235 -0.9 1275 3.6 1464 -1.3 1445 3.3

1040 0.0 1093 3.4 1258 -0.5 1204 3.8 1479 -0.8 1378 3.4

1018 0.2 1096 3.5 1298 -0.5 1187 3.9 1465 -0.8 1302 3.4

1014 0.2 1039 3.7 1176 -0.5 1212 4.0 1425 -0.8 1492 3.5

1047 0.3 1043 3.8 1228 -0.4 1266 4.5 1407 -0.7 1359 3.6

1046 0.3 1055 4.0 1180 -0.4 1101 4.6 1369 -0.7 1450 3.8
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Table F2: Ten extreme high and low annual mean wind speed years 
in the GCM record within the time periods AD 1000-1100, AD 
1100-1300 and AD 1300-1500. 

AD 1000-1100AD 1000-1100AD 1000-1100AD 1000-1100 AD 1100-1300AD 1100-1300AD 1100-1300AD 1100-1300 AD 1300-1500AD 1300-1500AD 1300-1500AD 1300-1500

LowestLowest HighestHighest LowestLowest HighestHighest LowestLowest HighestHighest

Year m/s Year m/s Year m/s Year m/s Year m/s Year m/s

1020 3.0 1015 3.8 1171 2.9 1271 3.8 1427 2.9 1325 3.9

1049 3.0 1029 3.7 1291 2.9 1285 3.8 1320 2.9 1306 3.9

1066 2.9 1002 3.7 1251 2.8 1286 3.7 1445 2.9 1470 3.8

1068 3.0 1099 3.6 1278 2.9 1176 3.7 1431 2.8 1434 3.8

1013 2.9 1038 3.6 1144 2.8 1298 3.7 1478 2.8 1433 3.8

1100 2.9 1001 4.0 1156 2.8 1180 3.7 1322 2.8 1357 3.8

1079 2.9 1083 3.6 1110 2.8 1227 3.7 1419 2.9 1441 3.7

1004 2.9 1095 3.6 1292 2.8 1196 3.7 1469 2.8 1404 3.7

1069 2.9 1036 3.6 1197 2.7 1135 3.7 1481 2.7 1474 3.7

1084 2.8 1037 3.5 1276 2.7 1259 3.6 1446 2.7 1355 3.7

Table F3: Ten extreme high and low annual sum precipitation years in 
the GCM record within the time periods AD 1000-1100, AD 1100-1300 
and AD 1300-1500. 

AD 1000-1100AD 1000-1100AD 1000-1100AD 1000-1100 AD 1100-1300AD 1100-1300AD 1100-1300AD 1100-1300 AD 1300-1500AD 1300-1500AD 1300-1500AD 1300-1500

LowestLowest HighestHighest LowestLowest HighestHighest LowestLowest HighestHighest

Year mm Year mm Year mm Year mm Year mm Year mm

1057 723 1026 1153 1112 710 1192 1180 1346 612 1371 1215

1036 755 1060 1156 1189 740 1240 1180 1464 705 1376 1220

1021 793 1037 1167 1104 775 1135 1197 1459 759 1320 1223

1074 782 1048 1161 1238 778 1190 1204 1355 765 1379 1212

1068 809 1024 1175 1184 779 1174 1213 1435 771 1358 1227

1067 833 1044 1187 1134 790 1138 1208 1383 763 1444 1235

1080 839 1016 1231 1281 798 1215 1221 1427 789 1401 1238

1050 842 1032 1234 1123 799 1254 1276 1492 794 1377 1287

1096 856 1059 1251 1201 808 1141 1266 1422 804 1325 1290

1071 846 1029 1273 1121 803 1229 1281 1463 808 1395 1355
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Appendix G

Tinytag relative humidity data at 

Heidal valley
The relative humidity Tinytag data show significantly lower humidity recordings (0 

to 10%) in periods of negative temperatures falling between 21st March and 10th 

April, whereas the kestrel relative humidity does not fall below 16.3% (with the next 

lowest reading at 32.6%). This indicates that the cold temperatures have resulted in 

errors in the Tinytag data, therefore these clearly identified low humidity readings 

are overwritten as missing data prior to calibration to the Kestral 4000.

Figure G1: Tinytag recorded relative humidity on the sunny transect 
(top graph) and shady transect (bottom graph) for Tinytags at different 
elevations in March and April 2010
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Figure G2: Tinytag recorded relative humidity at different elevations 
on sunny and shady transects, differentiated by vegetation type 
(forest or clearing) in March and April 2010

At the lowest elevations, relative humidity is higher on the shady side relative to the 

sunny side in clearings, but lower on average on the shady side in the forested areas. 

Relative humidity is higher in the forest than the clearings at mid-range elevations, 

and higher in the shady forest than the sunny clearing or sunny forest at the highest 

elevations. The higher relative humidity in forested areas is perhaps due to the 

decreased wind speed in relatively sheltered forests. 
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Appendix H

Empirical snow measurements in 

Heidal valley
Snow depth and elevation in forest and cleared areas
Transect 2 shady side

Figure H1: Pre-melt measured snow depth and elevation variation 
along shady side transect 2 in forest and clearings

Below the tree line, snow depth is more variable in the less homogenous forest 

landscape than the farmed clearings, with greater snow depths measured in the 

relatively sheltered forest. At higher elevations on the edge of the tree line, the trees 

are more sparse and therefore snow depths are similar in the forest and open 

windswept tundra, where topographic variations and higher wind speeds result in a 

greater variation in snow depth. 
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Transect 3 sunny side

Figure H2: Pre-melt measured snow depth and elevation variation 
along sunny side transect 1 in forest and clearings

Snow depth is more variable in the less homogenous forest landscape than the 

farmed clearings, with a dense canopy at mid-elevations intercepting snow and 

resulting in lower snow depths relative to the clearings. At higher elevations on the 

edge of the tree line, the trees are more sparse but provide sufficient shelter to result 

in greater snow depths relative to upper elevation cleared areas. Snow depths in the 

open tundra above the tree line are not measured along this transect due to the 

instability of the snow on the steep valley side proving too dangerous during the field 

season.
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Pre-melt and mid-melt snow density and SWE measurements

Figure H3: Variation in measured snow density with elevation and 
vegetation type change on individual shady and sunny transects in 
the pre-melt (trip 1) and mid-melt (trip 2) periods
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Figure H4: Variation in measured SWE with elevation and vegetation 
type change on individual shady and sunny transects in the pre-melt 
(trip 1) and mid-melt (trip 2) periods
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Appendix I

Greenland climate scenario plots
Cumulative snowfall in all climate scenario time periods at outer 
fjord and south coast locations

Figure I.1: Favourable and unfavourable cumulative snowfall 
scenarios for outer fjord location (DMI station Qaqortoq) 

Figure I.2: Favourable and unfavourable cumulative snowfall 
scenarios for south coast location (DMI station Nanortalik) 

APPENDIX  I: Greenland climate scenario plots

351



Climate scenario precipitation and temperature data comparison 
between the key time periods at outer fjord and south coast locations

Figure I3: Model input cumulative snow for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenarios 
at outer fjord locations (Qaqortoq)

Figure I4: Model input temperature for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenarios 
at outer fjord locations (Qaqortoq)
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Figure I5: Model input cumulative snow for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenarios 
at south coast locations (Nanortalik)

Figure I6: Model input temperature for the favourable (AD 
1000-1500), unfavourable initial settlement (AD 1000-1100) and 
unfavourable survival and abandonment (AD 1100 - 1500) scenarios 
at south coast locations (Nanortalik)
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Climate scenario precipitation and temperature data comparison 
between inner fjord, outer fjord and south coast locations

Favourable AD 1000-1500

Figure I7: Model input cumulative snowfall for the favourable (AD 
1000 - 1500) scenario at inner fjord, outer fjord and southern coast 
locations 

Figure I8: Model input temperature for the favourable (AD 1000 - 
1500) scenario at inner fjord, outer fjord and southern coast locations 
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Unfavourable AD 1000-1100 (initial settlement)

Figure I9: Model input cumulative snowfall for the unfavourable initial 
settlement (AD 1000 - 1100) scenario at inner fjord, outer fjord and 
southern coast locations 

Figure I10: Model input temperature for the unfavourable initial 
settlement (AD 1000 - 1100) scenario at inner fjord, outer fjord and 
southern coast locations
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Appendix J

Greenland regional snow model results

Figure J1: July snow cover in favourable climate extreme (AD 1000-1500)
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Figure J2: July snow cover in unfavourable initial settlement climate extreme (AD 
1000-1100)

Figure J3: July snow cover in unfavourable survival and abandonment climate 
extreme (AD 1100-1500)
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Figure J4: August snow cover in favourable climate extreme (AD 1000-1500)

Figure J5: August snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)
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Figure J6: August snow cover in unfavourable survival and abandonment climate 
extreme (AD 1100-1500)

Figure J7: September snow cover in favourable climate extreme (AD 1000-1500)

APPENDIX  J: Greenland regional snow model results

360



Figure J8: September snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)

Figure J9: September snow cover in unfavourable survival and abandonment 
climate extreme (AD 1100-1500)
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Figure J10: October snow cover in favourable climate extreme (AD 1000-1500)

Figure J11: October snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)
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Figure J12: October snow cover in unfavourable survival and abandonment climate 
extreme (AD 1100-1500)

Figure J13: November snow cover in favourable climate extreme (AD 1000-1500)
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Figure J14: November snow cover in unfavourable initial settlement climate 
extreme (AD 1000-1100)

Figure J15: November snow cover in unfavourable survival and abandonment 
climate extreme (AD 1100-1500)
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Figure J16: December snow cover in favourable climate extreme (AD 1000-1500)

Figure J17: December snow cover in unfavourable initial settlement climate 
extreme (AD 1000-1100)
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Figure J18: December snow cover in unfavourable survival and abandonment 
climate extreme (AD 1100-1500)

Figure J19: January snow cover in favourable climate extreme (AD 1000-1500)
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Figure J20: January snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)

Figure J21: January snow cover in unfavourable survival and abandonment climate 
extreme (AD 1100-1500)
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Figure J22: February snow cover in favourable climate extreme (AD 1000-1500)

Figure J23: February snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)
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Figure J24: February snow cover in unfavourable survival and abandonment 
climate extreme (AD 1100-1500)

Figure J25: March snow cover in favourable climate extreme (AD 1000-1500)
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Figure J26: March snow cover in unfavourable initial settlement climate extreme 
(AD 1000-1100)

Figure J27: March snow cover in unfavourable survival and abandonment climate 
extreme (AD 1100-1500)
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Appendix K

Garðar snow depth model results

Figure K1: September snow depth in favourable climate extreme (AD 1000-1500) 
at Garðar
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Figure K2: September snow depth in unfavourable initial settlement climate 
extreme (AD 1000-1100) at Garðar

Figure K3: September snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Garðar
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Figure K4: October snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar

Figure K3: October snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Garðar
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Figure K6: October snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar

Figure K7: November snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar
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Figure K8: November snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Garðar

Figure K9: November snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Garðar
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Figure K10: December snow depth in favourable climate extreme (AD 1000-1500) 
at Garðar

Figure K11: December snow depth in unfavourable initial settlement climate 
extreme (AD 1000-1100) at Garðar
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Figure K12: December snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Garðar

Figure K13: January snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar
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Figure K14: January snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Garðar

Figure K15: January snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar
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Figure K16: February snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar

Figure K17: February snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Garðar
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Figure K18: February snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Garðar

Figure K19: March snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar

APPENDIX  K: Garðar snow depth model results

380



Figure K20: March snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Garðar

Figure K21: March snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar
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Figure K22: April snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar

Figure K23: April snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Garðar
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Figure K24: April snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar

Figure K25: May snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar
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Figure K26: May snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Garðar

Figure K27: May snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar
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Figure K28: June snow depth in favourable climate extreme (AD 1000-1500) at 
Garðar

Figure K29: June snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Garðar

APPENDIX  K: Garðar snow depth model results

385



Figure K30: June snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Garðar

Garðar is snow free in July and August in all climate scenarios.
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Appendix L

Sandhavn snow depth model results

Figure L1: September snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn
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Figure L2: September snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn

Figure L3: September snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Sandhavn

APPENDIX  L: Sandhavn snow depth model results

388



Figure L4: October snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn

Figure L5: October snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn
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Figure L6: October snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn

Figure L7: November snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn
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Figure L8: November snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn

Figure L9: November snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Sandhavn
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Figure L10: December snow depth in favourable climate extreme (AD 1000-1500) 
at Sandhavn

Figure L11: December snow depth in unfavourable initial settlement climate 
extreme (AD 1000-1100) at Sandhavn
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Figure L12: December snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Sandhavn

Figure L13: January snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn
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Figure L14: January snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn

Figure L15: January snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn
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Figure L16: February snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn

Figure L17: February snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn
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Figure L18: February snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Sandhavn

Figure L19: March snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn
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Figure L20: March snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Sandhavn

Figure L21: March snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn
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Figure L22: April snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn

Figure L23: April snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Sandhavn
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Figure L24: April snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn

Figure L25: May snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn
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Figure L26: May snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Sandhavn

Figure L27: May snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn
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Figure L28: June snow depth in favourable climate extreme (AD 1000-1500) at 
Sandhavn

Figure L29: June snow depth in unfavourable initial settlement climate extreme (AD 
1000-1100) at Sandhavn
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Figure L30: June snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Sandhavn

Sandhavn is snow free in July and August in all climate scenarios.
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Appendix M

Model area O (E78) snow depth model 

results

Figure M1: September snow depth in favourable climate extreme (AD 1000-1500) 
at Model area O (E78 and E78a)
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Figure M2: September snow depth in unfavourable initial settlement climate 
extreme (AD 1000-1100) at Model area O (E78 and E78a)

Figure M3: September snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Model area O (E78 and E78a)
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Figure M4: October snow depth in favourable climate extreme (AD 1000-1500) at 
Model area O (E78 and E78a)

Figure M5: October snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Model area O (E78 and E78a)
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Figure M6: October snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Model area O (E78 and E78a)

Figure M7: November snow depth in favourable climate extreme (AD 1000-1500) at 
Model area O (E78 and E78a)
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Figure M8: November snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Model area O (E78 and E78a)

Figure M9: November snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Model area O (E78 and E78a)
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Figure M10: December snow depth in favourable climate extreme (AD 1000-1500) 
at Model area O (E78 and E78a)

Figure M11: December snow depth in unfavourable initial settlement climate 
extreme (AD 1000-1100) at Model area O (E78 and E78a)
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Figure M12: December snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Model area O (E78 and E78a)

Figure M13: January snow depth in favourable climate extreme (AD 1000-1500) at 
Model area O (E78 and E78a)
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Figure M14: January snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Model area O (E78 and E78a)

Figure M15: January snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Model area O (E78 and E78a)
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Figure M16: February snow depth in favourable climate extreme (AD 1000-1500) at 
Model area O (E78 and E78a)

Figure M17: February snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Model area O (E78 and E78a)
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Figure M18: February snow depth in unfavourable survival and abandonment 
climate extreme (AD 1100-1500) at Model area O (E78 and E78a)

Figure M19: March snow depth in favourable climate extreme (AD 1000-1500) at 
Model area O (E78 and E78a)
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Figure M20: March snow depth in unfavourable initial settlement climate extreme 
(AD 1000-1100) at Model area O (E78 and E78a)

Figure M21: March snow depth in unfavourable survival and abandonment climate 
extreme (AD 1100-1500) at Model area O (E78 and E78a)
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Appendix N

Analysis of GCM temperature extremes 

AD 1000-1500
Analysis of the GCM temperature record AD 1000-1500 by Scott Ingram 

(pers.comm., Scott Ingram; Hegmon et al., forthcoming 2013) is presented in Figures 

N1 and N2. Figure N1 summarises the extreme temperature periods detailing the 

‘rank of ranks’ (a combination of the rank of magnitude, intensity and duration), with 

annotations highlighting the impact on the Norse (pers.comm. Andrew Dugmore). 

The full climate analysis is presented in Figure N2.

Figure N1: Summary of GCM extreme temperature periods in the AD 1000-1500 
record
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Appendix O

Norse seasonal round
The Norse seasonal activities are detailed as follows, courtesy of Christian Madsen 

(written communication).  

Late winter/early spring:
• Livestock management: winter fodder supplies are now likely famished; gathering of 

provisional food such as the first buds of willow, heather etc., moving of livestock to 
pastures that are free of snow.

• Provisional hunting if needed

Late spring/early summer:
• Main stock is led out and allowed to graze the infield and home pastures.

• Birthing of calves, lambs, kids…

• Rounding up of livestock, shearing, culling

• Mucking out byres and stables for manure.

• Field work; clearing of scrub and stones, fertilizing etc. as soon as the frost has left 
the ground.

• Peat/turf cutting

• Structure maintenance/building

• Milking activities

• Sealing in the coastal region

• Collection of other resources.

• Shieling activities; towards late spring animals and people move to shielings in the 
inland and highland.

Mid-summer:
• Continued shieling (milking, milk processing, fodder gathering in more distant 

areas)

• Peat/turf cutting

• Structure maintenance/building

• Hunting expeditions to the Northern Shieling

Late summer- early fall:
• Continued shieling (milking, harvesting of winter fodder)

• Harvesting and drying of infields on the home farms
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• Rounding up of animals, culling

• Structure maintenance/building

• Hunting expeditions to the Northern Shieling

Late fall – early winter:
• Bringing in and storage of provisions.

• Rounding up of stray livestock

 Mid-winter:
• Winter Home Grazing: main stocks are grazed near the farmsteads, in the infield or 

home pasture, as much as possible, stalled and fed during the hardest months.

• Winter Extensive Grazing: likely, some of the sheep/goats grazed in the wider terrain 
and mountains throughout the year, perhaps in connection with winter shelters/
stables some distance from the farmsteads.

• Storage retrieval: Fodder and other provisions stored elsewhere can be brought home 
to the main farmsteads over frozen lakes and snow covered lakes.

• Building materials: The huge boulders often used for construction can more easily 
be transported to and piled by construction sites (actual building has likely not have 
taken place as turf blocks are now frozen).

• Hunting: fur animals are now in their best “winter coat”, and the more scarce 
available food sources makes it easier to catch predators in traps; many traps can be 
checked by easy access over snow and ice (Eastern Settlement: Artic Hare, Foxes, a 
Few caribou in the late fall early winter, Western Settlement: the same, but more 
caribou).

• Sealing: though probably very limited in extent, sealing can take place in by the 
edge of the ice in the fjords. More importantly perhaps, whole seals can be dragged 
over the snow to distant farmsteads and sites (this is relevant seeing that the bones of 
seals found at even the most inland Norse sites clearly show that all parts of the seal 
were being brought to the sites, perhaps in late winter/early spring).

• Domestic indoor activities: i.e. weaving, spinning, carving, vessel making etc.

• Communal activities: with the freezing of lakes, fens, fjords, meadows etc. transport 
and communication becomes much easier 
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