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1. Abstract

Projected temperature increases for the interior Arctic are as large as 4°C by the middle of this century with most of that warming occurring during the winter months. This is more than twice the mean projected warming for the globe (IPCC 2001). Therefore, due to the sensitivity of the Arctic, much research has focused on monitoring high latitude climate with the goal of detecting the regionally amplified signals of global climate change. Variation in glacier discharge may significantly impact sea ice conditions around the archipelago, with consequent changes for the biota and local climate.
Consequences of increasing air temperature in Svalbard also affect the Equilibrium Line Altitude (ELA) and therefore the gain or loss of glaciers mass. Studies related to short-term local climate changes can provide information on the complex set of relationships between the regional and local climate at glacier sites. I have showed that on five years time, air temperature is increasing during the winter and solar radiation is not the main factor of ablation during the hottest year. I have also tested potential correlation between average air temperatures from two different locations in Svalbard to figure out the missing data.
2. Introduction
The Arctic climate system exhibits variability over a wide spectrum of time scales. A fundamental problem in understanding climate variability and change is that the different system components have different response times and interact through feedback processes. The variability of high latitude climate is one of the greatest of any region in the world on inter-annual and longer time scales (Przybylak 2003). Long terms meteorological records have been collected in Svalbard but data collected in Linnédalen are from 2003 when researchers started to work in this area. The endeavor of this undergraduate course project was to gather all of these recent data from the various weather stations installed in the Linnédalen and to interpret them. The expression short-term from the title is related to the period of interest (2003-2008).The aim of this study will, I hope, contribute to provide a basis for future meteorological studies in Linnédalen and I wish this tool will help further researches to understand the potential correlation between meteorological events and glaciers behavior in Svalbard. 
3. Geographic setting
3.1 Overview
Svalbard is an archipelago north of Norway and is part of Norwegian territories. It includes the islands ranging between 74° and 81° of latitude north and between 10° and 35° of longitude east. The largest of the islands is Spitsbergen. The other islands are Nordaustlandet, Edgeøya, Barentsøya, Kong Karls Land, Kvitøya, Hopen and Bjørnøya. Svalbard is bordered by the Arctic Ocean to the North, the sea of Barents to the South and East, and by the sea of Greenland to the West. 
 Where is Svalbard?
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3.2 Svalbard brief geological history

During the Precambrian Eon, when Svalbard was located near the South Pole, several mountain-building events created the highly deformed rocks that today form a belt along the west and north coast of Spitsbergen (Ingolfsson, 2005). Cambrian and Ordovician limestones also form part of this belt. Svalbard drifted north during the Palaeozoic era. Devonian redbed sandstones, formed in an arid environment south of the Equator, are found throughout north-central Spitsbergen. During the Carboniferous and the Cretaceous Periods, Svalbard drifted from the equator to 45°N (Ingolfsson, 2005). Sandstone and limestone strata deposited during this time cover the south and the east sides of Spitsbergen (Ingolfsson, 2005). During the Tertiary Period, Svalbard collided with Greenland, causing folding of much of the older strata and deposition of sandstones and coal seams in a basin at the centre of Spitsbergen (Ingolfsson, 2005). Svalbard reached its present location towards the end of the Tertiary period, when extensive glaciations began (Ingolfsson, 2005). These glaciations continue into present day.
3.3 Svalbard topography 
The total land area is 62,160km2. With the exceptions of some coastal lowlands, the landscape is mountainous with many large and small glaciers. The highest peak (Newtontoppen) reaches 1717m asl. As much as 60% of the land area is covered with ice, and less than 10% has vegetation (O.Ingolfsson). 
Svalbard is surrounding by a shallow shelf sea. The average depth in the Barents Sea is 230 metres, and the shallowest areas are between Bjørnøya and Edgeøya. West and north of Svalbard, the depths of the Norwegian Sea and the Arctic Ocean plunge down more than 2000 metres. Then Svalbard is located near the northernmost branches of the north Atlantic Current and the southern limit of polar pack ice. Even small variations in these phenomena have the potential of inducing rapid variations in Svalbard climate (Humlum 2003).

3.4 Presentation of Linnébreen
Glaciers and ice caps cover 36600km2, or about 60% of the land, of the Svalbard archipelago (Hagen and al. 1993). The Linnébreen is classified as N 4W141 03 according to the instructions for the World Glacier. The glacier is situated at 77°545’N-14°030’E and oriented SW/N with its terminus facing north. 
The average annual accumulation on a glacier includes components derived from direct precipitation on the glacier surface as well as wind drifting and avalanching of snow, and approximates to the annual accumulation at the equilibrium line, while ablation is usefully predicted by the mean summer air temperature. 
By this, there exists an empirical, non-linear relationship between accumulation and the mean summer air temperature at the equilibrium line (Liestøl 1967, Sissons 1979, Kuhn 1980, Haeberli 1982, 1983, Sutherland 1984, Ballantyne 1989, 1990, Ohmura et al. 1992, Dahl & Nesje 1996, Dahl et al. 1997, Humlum 1999). 
3.5 Presentation of Linnédalen
The Linnédalen is situated on the west coast of Spitsbergen, the largest island in the Svalbard archipelago. Linnédalen runs 15km north-south and is flanked on each side by 800m-high mountains. On the west side, the mountains are bordered by a strand flat that slopes around five kilometres west to the North Atlantic Ocean. On the east, the mountains plunge sharply into Grönfjord. In the centre of the valley lies Linnévatnet, one of the largest lakes on Svalbard (1km wide by 5km long, and 12m elevation above sea level).
Small valleys, which contain cirque glaciers or small patches of dead ice, occur on both the east and the west sides of Linnédalen. There are also marine terraces of different ages and elevations along the sides of the valley (Svendsen and Mangerud, 1992).
In the catchment area, microclimatic differences have been noticed since the beginning of the research. It seems that the southwest end of the valley had colder, cloudier and wetter weather than elsewhere in Linnédalen.
4. Climate overview

4.1 Modern Arctic climate

Modern climate in the Arctic is to a high degree regulated by the advection of warm North Atlantic waters into the Nordic Seas near Svalbard, the Norwegian and the Greenland Sea. Maritime climate conditions prevail over much of the Arctic Ocean, coastal Alaska, Iceland, northern Norway and adjoining parts of Russia. 
In these areas, winters are generally cold and windy. Summers are cloudy and cool with mean temperatures ranging from 4 to 8°C over land areas. Annual precipitation ranges from 400mm to 1300mm, with a cool season maximum (largely snowfall) and about five to seven months of continuous snow cover (Barry et al., 1993; Barry and Chorley, 1998). 

Shallow permafrost (0-250m) characterise these regions. Forests are absent or found only close to sea level in sheltered positions due to low summer temperatures and windy conditions (Humlum and Christiansen, 1998).

The Arctic climate is characterised by “semipermanent” patterns of high and low pressure (Serreze and Barry, 1988; Serreze et al., 1993; Serreze et al., 1995). They can be considered to represent the statistical signature of where transitory high and low pressure systems that appear on synoptic charts slow down and therefore tend to be most common. This pattern is relatively weakly developed in summer, but stronger in winter (Humlum 2003).
4.1.1 The Arctic Oscillation (AO)
The Arctic Oscillation (AO) refers to opposing atmospheric pressure patterns in northern middle and high latitudes (Serreze and Barry, 1998; Serreze et al., 1993; Serreze et al., 1995). The oscillation exhibits a “negative phase” with relatively high pressure over the Arctic Ocean and low pressure at oceanic mid latitudes, and a “positive phase” in which the pattern is reversed. In the positive phase, higher pressure at mid latitudes drives cyclones farther north toward the Arctic. Changes in the circulation pattern then bring wetter weather to Alaska, Iceland and Scandinavia, as well as drier conditions to the western United States and the Mediterranean, and vice versa while in the negative phase. In the positive phase, cold winter air masses do not extend as far south into North America and Europe as they would during the negative phase of the oscillation, and outbursts of cold Arctic air masses to lower latitudes are less common (Humlum 2003).
During the winter, the Arctic Oscillation extends up through the stratosphere, 10 to 50km above the Earth’s surface. When the AO changes phases, the strengthening or weakening of the circumpolar circulation tends to begin in the stratosphere and work its way down through lower levels of the atmosphere, contrary to what happens in most other major climate systems, where changes at the surface is propagated up in the atmosphere. Over most of the past century, the Arctic Oscillation alternated between its positive and negative phases. 
From the late 1970s the oscillation tended to stay in the positive phase, as stratospheric cooling caused the counterclockwise circumpolar circulation to strengthen in winter. In turn, the belt of westerly winds at the surface along 45°N shifted north, sweeping warm oceanic air masses across northwestern Europe and parts of the United States as well. This development has led to relatively high air temperatures in much of North America and northern Eurasia, but relatively cold conditions in the Greenland-Labrador region. Also Rigor et al. (2000) found that observed changes in surface air temperature over the Arctic Ocean 1979-1997 were related to the Arctic oscillation. More recently, it seems that around the turn of the century, a change towards a coming negative AO phase might be emerging (Polyakov et al., 1999).

The AO appears related to a well-known mode of variability for the North Atlantic called the North Atlantic Oscillation (NAO). The NAO has been recognized for decades and has been considered.
Some controversy exists concerning the relationship between the AO and the NAO, namely whether they represent fundamentally the same mode, or whether the distinctions between them are meaningful. At any rate, a systematically positive sense to both indices since the end of the 1980s has coincided with relatively warm conditions in the Arctic and net melting of the Arctic ice pack.

4.1.2 The North Atlantic oscillation (NAO) 
The North Atlantic oscillation is a climatic phenomenon in the North Atlantic Ocean of fluctuations in the difference of sea-level pressure between the Icelandic Low and the Azores high. Through east-west rocking motions of the Icelandic Low and the Azores high, it controls the strength and direction of westerly winds and storm tracks across the North Atlantic. 
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(Images by Robert Simmon, NASA and Martin Visbeck et Heidi Cullen, Lamont Doherty Earth Observatory, NOAA).
The positive and negative phases of the North Atlantic Oscillation are defined by the differences in pressure between the persistent low over Greenland and Iceland and the persistent high off the coast of Portugal. During a positive NAO, both systems are stronger than usual. That is, the low has a lower atmospheric pressure and the high has a higher atmospheric pressure. During the negative phase of the NAO, both systems are weaker, lowering the difference in pressure between them.
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The graph shows an overview of the NAO index with the negative phase in blue and the positive in red. We can see that the past twenty years have been positive (in red) and have the highest values or anomalies since the beginning of the twentieth century.
The different graphs below represent the period of interest for this project which is 2003-2008.
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2003

0.16 0.62 0.32 -0.18 0.01 -0.07 0.13 -0.07 0.01 -1.26 0.86 0.64

2004

-0.29 -0.14 1.02 1.15 0.19 -0.89 1.13 -0.48 0.38 0 0.73 1.21

2005

1.52 -0.06 -1.83 -0.3 -1.25 -0.05 -0.51 0.37 0.63 -0.98 -0.31 -0.44

2006

1.27 -0.51 -1.28 1.24 -1.14 0.84 0.9 -1.73 -1.62 -2.24 0.44 1.34

2007

0.22 -0.47 1.44 0.17 0.66 -1.31 -0.58 -0.14 0.72 0.45 0.58 0.34

2008

0.89 0.73 0.08 -1.07 -1.73 -1.39 -1.27
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	2003
	2004
	2005
	2006
	2007
	2008

	average
	0.1
	0.4
	-0.3
	-0.2
	0.2
	-0.5

	JFM
	0.4
	0.2
	-0.1
	-0.2
	0.4
	0.6

	AMJ
	-0.1
	0.2
	-0.5
	0.3
	-0.2
	-1.4

	JAS
	0.0
	0.3
	0.2
	-0.8
	0.0
	-1.3

	OND
	0.1
	1.0
	-0.6
	-0.2
	0.5
	 


(Data from NOAA, Weather service centre, October 12, 2008)
4.1.3 The solar activity 
The solar activity is also an important factor to consider even if don’t know much about the real issues. The amount of solar radiation received at the outer surface of Earth's atmosphere varied little from an average value of 1,366 watts per square meter (PMOD). There are no direct measurements of the longer-term variation and interpretations of proxy measures of variations differ. Recent results suggest about 0.1% variation over the last 2,000 years (North, Gerald R.; Biondi, Franco; Bloomfield, Peter et al., eds. 2006) although other sources suggest a 0.2% increase in solar irradiance since 1675 (Lean J., 2000). The combination of solar variation and volcanic effects has very likely been the cause of some climate change, for example during the Maunder Minimum (1645-1715).
A 2006 study and review of existing literature, published in Nature, determined that there has been no net increase in solar brightness since the mid 1970s, and that changes in solar output within the past 400 years are unlikely to have played a major part in global warming (Foukal, Peter; et al. 2006). However, the same report cautions that "Apart from solar brightness, more subtle influences on climate from cosmic rays or the Sun's ultraviolet radiation cannot be excluded, say the authors. They also add that these influences cannot be confirmed because physical models for such effects are still too poorly developed (UCAR, 2006).
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From the graph above we can see the minimum and maximum of the solar activity or irradiance for the past thirty years. We can clearly distinguish the cyclic motion occurring roughly every ten years.
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This is another diagram (from NOAA, updated the 03/11/08) related to solar activity forecast for the next ten years. It shows that we have reached a minimum activity in 2008. The column on the left corresponds to the number of sunspot.
4.2 Regional climate 

The mean temperature in winter is remarkably high considering Svalbard’s northern position. Temperatures above freezing can even occur in mid-winter. Ocean currents and general air circulation explain the relatively mild climate. Part of the warm Norwegian Current, a branch of the Gulf Stream, flows into the Barents Sea and part towards the western coast of Spitsbergen where it creates the northernmost area of open water in the Arctic in winter.

The general large-scale air currents are determined by the low pressure area near Iceland and the relatively high pressure area over Greenland and the Arctic Ocean. The result is transport of mild air from lower latitudes towards Svalbard. Further north, the circulation is mostly anticyclonic with prevailing easterly or northeasterly winds. Large temperature differences occur between the two masses originating from the southwest and northeast, causing extreme fluctuations in weather and temperature. 

The greatest variations occur in winter when the contrasts between the two air masses are most marked. When snow accumulation is measured on the glaciers in spring, traces of mild periods can often be seen as ice layers in the snow pits. On the other hand, snow may fall at any time during the summer months.

On the western coast of Spitsbergen, the average annual temperature is about -6°C, and it is slightly colder and more continental further inland. The average temperature on the west coast in the warmest month, July, is about 5-6°C, while in the coldest period, January-March, it is about -15°C.

Precipitation is normally low in the Arctic, about 400mm annually on the western coast of Spitsbergen and half as much in central inland areas. Precipitation is higher on the glaciers due to the orographic effect, but seldom exceeds 2-4m of snow. The frequent easterly winds caused by troughs of low pressure passing across the Barents Sea bring the highest precipitation to the eastern parts of the islands. Then, the effect of wind is highly significant for redistributing snow all over Svalbard, partly because of its strength, partly because of the absence of high vegetation.

 The ELA in the central west part of Svalbard is around 200-300m. When compared to the long-term record of mass balance on Austre Broggerbreen and Lovenbreen, two glaciers of comparable size and elevation, the net mass balance of Linnébreen for the 2003-2004 ablation years is at least two times more negative than their mean since 1966.
4.3 Summer 2008 local climatic conditions
During the 2008 field season, the temperature fluctuated between 12.5°C and 0.9°C as recorded by the local weather station (Linnédalen). The mean temperature from 15 July to 12 August was 6°C, which is in the range of the previous summers (see table 6.1.1). The wind speed average was 3.1m/s, with a maximum of 12.8 m/s, while gusts have reached 17.4m/s. The prevailing wind during this period was 204° or SSW. The sum of precipitation was 17mm and fell in form of fog and rain but also twice as snow. Clouds were more likely to clear from the eastern side of the valley.
5. Field Methods
5.1 Field area


[image: image10]
5.2 Position of the weather stations (WS)
We have four weathers stations dispatched in the Linnédalen and Linnébreen. 

· WS1= 78°01’620’’N - 013°51’009’’E – Alt.18m asl

Onset HOBO@ weather station at the south end of Linnévatnet.

[image: image11.jpg]



· WS2= 77°53’54’’N – 013°54’42’’E – Alt.340ft
Onset HOBO@ temperature logger at the top of the terminal LIA moraine.
[image: image12.jpg]



· WS3= 77°58’02’’N – 013°54’’14’’E – Alt.591ft
Onset HOBO@ temperature logger at the mid glacier.
[image: image13.jpg]



· WS4= 77°57’31’’N – 013°53’13’’E – Alt.1214ft asl
Onset HOBO@ temperature logger at the upper glacier.
[image: image14.jpg]



5.3 Availability of data
1 WS 1. Standard meteorological observations since 2003 (air and soil temperature, precipitation, air pressure, wind speed & direction, solar radiation, and humidity).
2 WS 2. Temperature logger since 2003.
3 WS 3. Temperature logger since 2003.
4 WS 4. Temperature logger since 2004.
5 The Norwegian Meteorological Institute data from Isfjord radio records (temperature and pressure)

6 In situ data collecting during summer 2008
5.4 Data controls
My goal was to collect and analyse data from the different weather stations located in Linnédalen and along Linnébreen. The main task involved a meticulous investigation of all the data available since 2003 before to do the analysis. I started by studying the various data to find out the potential mistakes or illogic events that have happened during the period of interest. These were mainly due to:
· device failure (mainly batteries)
· transport of the device (back and forth to the station)
· downloading failure

· influence of special events (device covered by snow)

· polar bears attacks

· birds

· strong winds

The diagrams below like all the graphs found in the appendices are from raw data that I have worked out. This was a long process but priceless regarding to the chance I had to experience field work in Svalbard surrounding by highly skills tutors. Even a small contribution worth in sciences and I would say that breaking down old truth is as important as new discovery…
6. Data Tables

6.1  Average Air temperature for all stations from 2003 to 2008.
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       6.1.1 Interpretation of the diagrams
The shape from the air temperature is shown in different colours every year and for each graph it corresponds to a specific weather station and therefore a precise altitude. The increasing temperature beginning of March is link to the sun’s coming back. The maximum temperatures from mid June to mid July correspond to the period of 24h day light where the sun is higher in the sky (greater angle with horizon).
From the different graphs above, we can see that some data are missing but it provides a good overview of the tendency from the air temperature in Linnébreen to rise from January to December. We can notice that summer and fall are more stable than spring and winter during the 2003-2008 periods.
The general pattern shows that winter became less cold until 2007, spring was pretty unstable in 2004 and 2006 where higher air temperatures were reached around one month in advance (the temperature were already closed to 0°C by the 01/04/2006) compare to 2005, 2007, 2008 and the 30 years trend in Longyearbyen city (average of -10°C).

In 2005, the air temperature at mid glacier was greater in summer than the other stations. In 2004, the same characteristic occurred at the top terminal LIA moraine.

Since 2005, the air temperature in late fall is greater than before. As I said the winter is less pronounced than few years ago. The difference between January 2004 (-15°C) and January 2008 (-5°C) at WS1 is 10°C which is enormous. The difference at the same period for the other WS range from more than 10°C in 2006 at WS2 and WS3, to few degree Celsius between 2005, 2007 and 2008 for all the WS.
It seems that 2006 represents the hottest year when we look in details at the average air temperature values at WS1 from the diagram below (in °C).
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	-15.60
	-7.17
	-2.70
	-9.01
	-5.88

	FEB
	 
	-16.16
	-6.54
	-9.03
	-8.64
	-8.07

	MAR
	 
	 
	-14.30
	-12.71
	-6.46
	-13.31

	APR
	 
	 
	-8.65
	-0.51
	-9.60
	-10.02

	MAY
	 
	 
	-2.02
	-0.02
	-2.18
	-2.05

	JUN
	 
	 
	3.16
	3.75
	3.45
	2.31

	JUL
	6.55
	 
	5.99
	6.56
	6.50
	5.66

	AUG
	6.3
	5.91
	6.40
	5.68
	5.49
	 

	SEP
	0.68
	1.44
	0.05
	1.03
	1.65
	 

	OCT
	-3.5
	-3.10
	-5.33
	-5.72
	-2.29
	 

	NOV
	-6.2
	-10.91
	-3.66
	-4.42
	-5.54
	 

	DEC
	-17.1
	-6.49
	-3.37
	-6.51
	-7.39
	 

	 
	
	
	
	
	
	

	dec/jan/fev
	 
	-16.29
	-6.73
	-5.04
	-8.05
	-7.11

	mar/apr/may
	 
	 
	-8.32
	-4.41
	-6.08
	-8.46

	jun/july/aug
	 
	 
	5.18
	5.33
	5.14
	 

	sept/oct/nov
	-3.01
	-4.19
	-2.98
	-3.04
	-2.06
	 


6.2 Average Air Temperature in Longyearbyen for 2003 to 2008.
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	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	-18.6 
	-17.0 
	-7.5 
	-2.7 
	-8.9 
	-7.5 

	FEB
	-12.3 
	-17.5 
	-6.9 
	-9.7 
	-9.0 
	-8.9 

	MAR
	-17.3 
	-7.8 
	-16.9 
	-13.2 
	-6.7 
	-14.7 

	APR
	-9.6 
	-4.3 
	-9.1 
	0.0 
	-9.4 
	-10.5 

	MAY
	-2.5 
	-1.7 
	-1.2 
	0.9 
	-1.4 
	-1.9 

	JUN
	2.8 
	3.0 
	4.5 
	4.8 
	5.1 
	3.4 

	JUL
	7.0 
	7.6 
	7.2 
	7.5 
	7.8 
	                  6.2

	AUG
	6.4 
	5.7 
	6.8 
	6.6 
	6.4 
	                  5.0

	SEP
	0.6 
	1.3 
	-0.2 
	1.7 
	2.1 
	                  3.3

	OCT
	-4.3 
	-3.5 
	-5.1 
	-5.5 
	-2.5 
	                 -5.7

	NOV
	-6.7 
	-11.7 
	-4.0 
	-4.1 
	-5.3 
	 

	DEC
	-19.1 
	-6.6 
	-3.7 
	-6.3 
	-8.6 
	 

	
	
	
	
	
	
	

	DJF
	 
	-18.2 
	-6.9 
	-5.0 
	-7.6 
	-8.4 

	MAM
	-9.8 
	-4.6 
	-9.1 
	-4.1 
	-5.8 
	-9.0 

	JJA
	5.4 
	5.4 
	6.2 
	6.3 
	6.4 
	                  4.9

	 SON
	-3.5 
	-4.6 
	-3.1 
	-2.6 
	-1.9 
	 


6.2.1 Interpretation of the diagrams
The air temperature records from Longyearbyen provide also a good overview of the local change in climate during the period of interest. During the same years we can notice that temperature curve for each year matches with the curves from Linnédalen. Therefore we can consider, for the missing data, that 2004 has also an early spring with relatively warm air temperature around -5°C in April, and a stable summer.

Now, when we look at the 30years trend, it is clear that the temperatures in winter are much warmer since 2005 than before. From November to end of February all the values are above the 30years trend line. The year 2006 is also the hottest one for the same period.
6.3  Solar radiation and Precipitation against Net Mass balance.
Then, we need to look at the solar radiation and precipitation occurring at the same period to enable the analysis to provide clues concerning the glacier behaviour and the factors of ablation. As the temperature is rising in winter, it affects the accumulation of snow on the glacier. From previous study we know that if the present equilibrium line altitude (ELA) is raised by more than 100-150m the glacier will disappear, whereas if it is lowered by 150m it will advance into the lake. Then, the negative mass balance of small glacier like Linnébreen may have an important impact upon the hydrology and runoff within that basin. Since 2004 the net mass balance of Linnébreen is actually negative.
In general, during the past five years, the different diagrams show that distribution of air temperature corresponds fairly to the altitude. The top one, which is in that case the blue line, is represented by the lowest temperature logger in the valley (WS1) and the bottom one, the turquoise line, by the highest temperature logger in the upper glacier (WS4). 
Regarding the solar radiation, I noticed that in 2006, which was the hottest year, the sum of annual solar radiation is not the greatest and, like 2004, the ablation is more important especially in altitude.
The snow accumulation was larger in 2005 where the annual sum of solar radiation was greater but the precipitation was also high and the winter was cold. Therefore the snow had time to be stored. The summer 2005 received less solar radiation so the ice did not melt much in altitude but down on the glacier.
When we compare the data for the period of May to July from the past four years, we can stress that precipitation are decreasing since 2005 and solar radiation slightly increasing for the same period. However, the sun reached is minimum activity in 2008. 

The values related to precipitation are without correction. In that case, I just consider the data as they are to compare the different years.

Linnédalen WS1:
- 2005
759371 w/m2     91.4mm
- 2006
662269 w/m2     82.4mm
- 2007
759681 w/m2     75.2mm
- 2008
812023 w/m2     36.2mm
Because of systematic underestimation of precipitation by most precipitation gauges, especially in the case of solid precipitation, registered values are presumably far too small and should be corrected upward (Legates & Willmott, 1990). Most precipitation gauges are raised above ground (usually 2 m), which by wind action introduces underestimation of the correct amount of precipitation (Jevons, 1861). 

Ungersbock et al. (2000) suggested that precipitation values from high arctic regions such as Svalbard should be corrected (upward) with 100–150%, while Hanssen-Bauer et al. (1996) suggest a more modest correction value of ‡50%. In the present study, a 100% correction has been adopted as a first approach to estimate the true annual precipitation at meteorological stations in Svalbard.
It is clear than since the beginning of the year 2008, the solar radiation is superior to any year and precipitations have the lowest values ever. 
Then, the air temperature for Linnédalen since 2005 has the same profile than Longyearbyen. We can see that there is around 1°C of difference between the two locations. Therefore we can deduce that 2003 and 2004 were colder with early springs, stable summers and cold winters.
Linnédalen WS1:

Longyearbyen:
- 2003
            
2.4°C
- 2004


3°C
- 2005
2.4°C

3.5°C
- 2006
3.4°C

4.4°C
- 2007
2.6°C

3.8°C
- 2008
2°C  

2.6°C

7. Conclusion

We know from both empirical evidence and model simulations that the warming of the Arctic is considerably more pronounced than the rest of the globe. Despite this, climate change models are riddled with greater uncertainties the further north one moves. This is mostly due to the limited geographical area covered by the research, and because of the self-reinforced warming effect. 

Nevertheless, we have accumulated enough evidence to indicate that variations in these modes are accompanied by systematic changes in the weather, with wide-ranging ramifications.
Daily to seasonal variations in climate are also influenced by properties of the land and ocean. The high precipitation in the coastal mountains presumably illustrates the general importance of the ocean, acting as a moisture source for precipitation (Cohen and Entekhabi, 1990; Cohen et al., 2001).
The orientation of big snow drift forms, visible in aerial photos from 1990, indicates the dominant wind direction across the study area to be from SSE towards NNW, although the local wind direction may vary due to channelling effects by topography and according to the overall meteorological situation. 
We have seen that from winter 2005 until summer 2006 the wind direction shifted to the NE and air temperature paradoxically increased during that period.
Nevertheless the year 2006 was the driest and hottest of the period with less solar radiation. 

When you look at the NAO and the solar activity graphs back in time, you can stress that where minimum solar activity and negative NAO are found there are cold winters. During the period of interest the winter 07/08 seems to correspond to that theory. Then, when maximum solar activity and positive NAO are found there are mild and windy winters. But there are exceptions when cold winters can occur during high solar activity. It seems that we are back on a negative NAO phase also.
Working on short-term periods brings not only few clear evidence of climate change but also interesting correlation between meteorological factors. But with so little evidence we need more information to be able to clarify which of the precipitation or the solar radiation could be the main factor of ablation on Linnébreen.

An extended record of improved meteorological data from glaciers is therefore necessary to describe adequately what appears to be a complex set of relationships between the regional and local climate at glacier sites. The influence of wind, the effect of topographic shadow and the snow cover are also variables to consider regarding accuracy and real impact of climate change.
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9. Appendices
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[image: image22.emf]Air  Temperature 2004  all stations
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[image: image24.emf]Air  Temperature 2005 all stations
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[image: image26.emf]Air  Temperature 2006 all stations
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 [image: image28.emf]Air  Temperature 2007 all stations
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 [image: image30.emf]Air Temperature 2008 all stations
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Atmospheric pressure (mbar) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JANUARY
	 
	 
	995.51
	1000.53
	991.97
	 

	FEBRUARY
	 
	1004.98
	1003.80
	1006.84
	1015.04
	 

	MARCH
	 
	 
	1014.44
	1017.35
	998.95
	 

	APRIL
	 
	 
	1015.34
	1008.81
	1003.13
	 

	MAY
	 
	 
	1012.58
	1015.25
	1012.94
	 

	JUNE
	 
	 
	1012.89
	1006.04
	 
	 

	JULY
	 
	 
	1008.95
	1007.72
	 
	 

	AUGUST
	 
	1014.61
	1006.33
	1011.14
	 
	 

	SEPTEMBER
	 
	1006.18
	998.41
	1006.56
	 
	 

	OCTOBER
	 
	1008.91
	1006.98
	1014.12
	 
	 

	NOVEMBER
	 
	1002.72
	1000.70
	997.22
	 
	 

	DECEMBER
	 
	987.27
	1010.16
	993.30
	 
	 

	 
	
	
	
	
	
	

	Annual average
	 
	1004.11
	1007.17
	1007.07
	1004.41
	 


Average wind speed (m/s) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JANUARY
	 
	 
	5.56
	5.16
	4.91
	 

	FEBRUARY
	 
	0.20
	5.94
	5.62
	3.73
	 

	MARCH
	 
	 
	5.07
	5.24
	4.70
	 

	APRIL
	 
	 
	4.02
	5.05
	4.07
	 

	MAY
	 
	 
	4.77
	3.32
	3.21
	 

	JUNE
	 
	 
	2.63
	2.65
	 
	 

	JULY
	 
	 
	 
	3.00
	 
	 

	AUGUST
	 
	3.76
	3.34
	1.23
	 
	 

	SEPTEMBER
	 
	3.44
	4.26
	1.22
	 
	 

	OCTOBER
	 
	3.83
	3.01
	3.13
	 
	 

	NOVEMBER
	 
	5.04
	5.08
	3.90
	 
	 

	DECEMBER
	 
	6.45
	5.04
	3.24
	 
	 

	Annual average
	 
	3.79
	4.43
	3.56
	4.12
	 


Average wind direction (ø) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	 
	153
	55
	151
	151

	FEB
	 
	163
	174
	67
	157
	160

	MAR
	 
	 
	151
	32
	144
	156

	APR
	 
	 
	168
	42
	163
	187

	MAY
	 
	 
	162
	23
	158
	171

	JUN
	 
	 
	176
	16
	176
	197

	JUL
	 
	 
	192
	78
	194
	207

	AUG
	 
	189
	165
	187
	213
	 

	SEP
	 
	173
	171
	210
	173
	 

	OCT
	 
	151
	87
	151
	161
	 

	NOV
	 
	164
	35
	157
	164
	 

	DEC
	 
	153
	38
	149
	169
	 


Average air temperature (°C) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	-15.60
	-7.17
	-2.70
	-9.01
	-5.88

	FEB
	 
	-16.16
	-6.54
	-9.03
	-8.64
	-8.07

	MAR
	 
	 
	-14.30
	-12.71
	-6.46
	-13.31

	APR
	 
	 
	-8.65
	-0.51
	-9.60
	-10.02

	MAY
	 
	 
	-2.02
	-0.02
	-2.18
	-2.05

	JUN
	 
	 
	3.16
	3.75
	3.45
	2.31

	JUL
	6.55
	 
	5.99
	6.56
	6.50
	5.66

	AUG
	6.3
	5.91
	6.40
	5.68
	5.49
	 

	SEP
	0.68
	1.44
	0.05
	1.03
	1.65
	 

	OCT
	-3.5
	-3.10
	-5.33
	-5.72
	-2.29
	 

	NOV
	-6.2
	-10.91
	-3.66
	-4.42
	-5.54
	 

	DEC
	-17.1
	-6.49
	-3.37
	-6.51
	-7.39
	 

	 
	
	
	
	
	
	

	dec/jan/fev
	 
	-16.29
	-6.73
	-5.04
	-8.05
	-7.11

	mar/apr/may
	 
	 
	-8.32
	-4.41
	-6.08
	-8.46

	jun/july/aug
	 
	 
	5.18
	5.33
	5.14
	 

	sept/oct/nov
	-3.01
	-4.19
	-2.98
	-3.04
	-2.06
	 


Average solar radiation (w/m2) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	 
	0.60
	0.60
	0.60
	0.60

	FEB
	 
	1.65
	1.56
	1.87
	1.66
	1.93

	MAR
	 
	 
	27.19
	30.26
	26.62
	33.11

	APR
	 
	 
	102.63
	86.26
	101.26
	112.95

	MAY
	 
	 
	204.53
	171.67
	199.72
	193.29

	JUN
	 
	 
	174.99
	154.47
	187.17
	213.16

	JUL
	 
	 
	136.68
	123.91
	150.06
	146.15

	AUG
	 
	81.00
	63.05
	74.37
	87.96
	 

	SEP
	 
	35.51
	31.29
	34.47
	35.57
	 

	OCT
	 
	4.63
	5.17
	5.92
	4.92
	 

	NOV
	 
	0.60
	0.60
	0.60
	0.60
	 

	DEC
	 
	0.60
	0.60
	0.60
	0.60
	 

	Annual solar radiation
	41.25
	123.99
	748.90
	685.01
	796.73
	 


Sum of solar radiation (w/m2) in Linnédalen WS1
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JANUARY
	 
	 
	893
	893
	893
	893

	FEBRUARY
	 
	2300
	2096
	2517
	2227
	2692

	MARCH
	 
	 
	40407
	45029
	39556
	49266

	APRIL
	 
	 
	147792
	124222
	145809
	162644

	MAY
	 
	 
	304134
	255447
	267024
	287608

	JUNE
	 
	 
	251992
	222438
	269524
	306945

	JULY
	 
	 
	203245
	184384
	223133
	217470

	AUGUST
	 
	244526
	93819
	110588
	130887
	 

	SEPTEMBER
	 
	51131
	45051
	49640
	51224
	 

	OCTOBER
	 
	6896
	7697
	8814
	7322
	 

	NOVEMBER
	 
	864
	864
	864
	869
	 

	DECEMBER
	 
	893
	893
	893
	893
	 

	TOTAL ANNUAL
	 
	306610
	1098883
	1005727
	1139361
	1027519


Sum of precipitation (mm) in Linnédalen WS1

	 
	2003
	2004
	2005
	2006
	2007
	2008

	JANUARY
	 
	1.20
	122.41
	126.00
	4.20
	73.20

	FEBRUARY
	 
	0.20
	155.02
	15.80
	0.40
	11.80

	MARCH
	 
	 
	132.82
	3.40
	57.80
	0.00

	APRIL
	 
	 
	3.00
	8.40
	3.20
	0.00

	MAY
	 
	 
	9.40
	12.40
	2.20
	8.00

	JUNE
	 
	 
	8.40
	30.00
	40.40
	28.20

	JULY
	83.00
	 
	73.60
	40.00
	32.60
	0.03

	AUGUST
	16.40
	56.00
	54.80
	46.60
	31.60
	 

	SEPTEMBER
	83.21
	19.40
	44.80
	26.00
	43.40
	 

	OCTOBER
	24.00
	32.20
	22.00
	4.60
	0.04
	 

	NOVEMBER
	61.80
	180.24
	10.80
	17.80
	4.80
	 

	DECEMBER
	10.00
	279.05
	48.60
	22.00
	28.80
	 

	 
	
	
	
	
	
	

	TOTAL ANNUAL
	278.41
	568.28
	685.65
	353.00
	249.44
	121.23


Monthly air temperature average (°C) for WS2
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	-15.72
	-7.73
	-3.26
	-9.46
	-6.48

	FEB
	 
	-16.20
	-7.19
	-9.72
	-9.08
	-8.30

	MAR
	 
	-6.32
	-14.89
	-13.33
	-7.16
	-13.70

	APR
	 
	-3.60
	-8.93
	-0.97
	-10.20
	-11.08

	MAY
	 
	-2.82
	-2.86
	-0.58
	-2.82
	 

	JUN
	 
	1.53
	2.46
	2.90
	2.72
	 

	JUL
	5.45
	7.52
	5.06
	5.54
	5.61
	 

	AUG
	5.40
	4.61
	5.44
	4.96
	4.60
	 

	SEP
	-0.07
	0.55
	-0.87
	0.02
	0.72
	 

	OCT
	-4.23
	-3.94
	-5.89
	-6.29
	-2.89
	 

	NOV
	-6.76
	-11.73
	-4.20
	-4.93
	-5.58
	 

	DEC
	-17.87
	-7.30
	-3.89
	-7.02
	-7.76
	 


Monthly air temperature average (°C) for WS3
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	-16.61
	-8.33
	-4.30
	-10.18
	-7.44

	FEB
	 
	-16.98
	-7.76
	-11.05
	-9.92
	-9.28

	MAR
	 
	-7.30
	-15.40
	-14.39
	-7.89
	-14.92

	APR
	 
	-4.46
	-9.33
	-1.45
	-11.70
	-12.07

	MAY
	 
	-3.66
	-3.53
	-1.17
	-3.51
	 

	JUN
	 
	1.03
	2.07
	2.13
	2.08
	 

	JUL
	4.27
	3.77
	6.81
	4.55
	4.48
	 

	AUG
	4.09
	3.77
	5.11
	4.07
	3.56
	 

	SEP
	-1.33
	-0.52
	-1.86
	-1.04
	-0.28
	 

	OCT
	-5.38
	-4.60
	-6.65
	-7.18
	-3.81
	 

	NOV
	-7.78
	-12.64
	-4.99
	-5.83
	-6.46
	 

	DEC
	-19.08
	-7.94
	-4.59
	-7.69
	-8.62
	 


Monthly air temperature average (°C) for WS4
	 
	2003
	2004
	2005
	2006
	2007
	2008

	JAN
	 
	 
	-9.32
	-5.31
	-11.07
	-8.68

	FEB
	 
	 
	-8.62
	-11.32
	-10.30
	-10.13

	MAR
	 
	 
	-15.93
	-15.45
	-9.06
	-15.23

	APR
	 
	 
	-10.08
	 
	-12.41
	-11.51

	MAY
	 
	 
	-4.71
	 
	-4.76
	-4.54

	JUN
	 
	 
	1.02
	 
	1.08
	-0.34

	JUL
	 
	 
	3.46
	 
	3.37
	2.66

	AUG
	 
	3.33
	3.07
	2.21
	2.17
	 

	SEP
	 
	-1.27
	-3.04
	-1.94
	-1.62
	 

	OCT
	 
	-5.70
	-7.44
	-7.74
	-5.02
	 

	NOV
	 
	-13.48
	-6.03
	-6.85
	-7.50
	 

	DEC
	 
	-9.34
	-5.47
	-8.41
	-9.52
	 


[image: image31.emf]Linnebreen 2004 Mass Balance
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[image: image32.emf]Linnebreen 2005 Mass Balance
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[image: image33.emf]Linnebreen 2006 Mass Balance
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[image: image34.emf]Linnebreen 2007 Mass Balance
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