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Abstract
Responses of Arctic glaciers and surface lowering can provide a record of glacier mass balance and climate change. High resolution surface lowering, ablation stake, and local meteorological data from Linnébreen Glacier were collected during a twenty one day period during the 2006-2007 ablation year. Linnébreen is located on the Western edge of Spitsbergen, the largest island of the Svalbard archipelago. 

Ablation stakes located at eight centerlines of Linnébreen recorded surface lowering at eleven different time intervals over the twenty one day field season. Surface lowering and meteorological data; surface air temperature, precipitation, solar radiation, and relative humidity, were continuously recorded at 30 minute intervals from ablation stake two. Other records of meteorological data; surface air temperature, precipitation, and relative humidity were recorded approximately 6km down the glacial valley, on a terminal moraine at the LIA maximum, as well as on a lateral moraine near ablation stake seven. These high resolution surface lowering and ablation records were then correlated to meteorological observations. Continued observations of Linnébreen and its surface lowering driving processes will provide more evidence for rapid changes and related glacier response in the high Arctic. 

Over the period of 23 July to 12 August 2006, the largest surface lowering events were driven by rainfall events. Meteorological records from ablation stake two, as well as down valley show that surface air temperatures do not directly correspond to increased surface lowering; and the peak season temperature does not correspond with the greatest surface lowering response. Rainfall does, however, induce more rapid surface lowering rates, and is the main agent of seasonal ablation. In order to develop a statistical model to accurately estimate the relationships between these variables, Multiple Regression/Correlation (MRC) of surface lowering rates were calculated at each rainfall event. Results suggest that the precipitation events increased the surface lowering rates. Meteorological data within the Linné Valley for the past 3 years indicates that rainfall events have increased in frequency. Given this increase in rainfall events from the past 3 years, Linnébreen’s melting rates reflect not only a seasonal change, but are more likely a response to climate change. 
INTRODUCTION AND BACKGROUND

Great apprehension continues to be centered on the impact of global climate on the Arctic environment. Arctic glaciers and sea ice melting rates have been vastly studied, but little is understood on the driving forces of and consequences of abrupt change. Questions of past and present Arctic sensitivity and response rates remain debatable. These questions remain because of the absence of high resolution climate records for Arctic environments. In order to understand the possible impact of these warming trends in the Arctic, glaciers can be examined as high fidelity recorders of both short and long term responses driven by climate.


The Arctic environment of the Svalbard archipelago provides easy accessibility to such studies. Spistbergen (77( 57’N, 13( 55’E), the largest island of the archipelago, is part of a glacier-abundant fjord system. The Linné Glacier (referred to thereafter as Linnébreen) is located on the western part of Spistbergen and at prime location for studying meterological impacts on Arctic glaciers (Fig. 1a, 1b). Isfjord Radio Station, a historic World War II radio and meteorological station, served as the base for the field studies, and also as historical data resource. 
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Figure 1a. Location of Svalbard and Linnébreen.
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Figure 1b. Isfjord Radio Station served as a bascamp for filed studies.

As part of the National Science Foundation funded Research Experience for Undergraduates (REU), Svalbard has been subject to multi-year observations and projects observing Arctic environment sensitivity. Specifically, the Linnébreen area has been of easy access and vastly studied by REU programs since 2004. An aerial of the valley system is pictured (Fig. 2).

[image: image2]
Figure 2. Aerial photograph of the Linnébreen area taken in 2005.

This thesis uses records of local meteorological conditions, global climate signals and measurements of ice surface lowering, and discharge rates from Linnébreen. to determine the degree in which meteorological events impact the surface lowering rates of Linnébreen. These records are further used to observe possible importance of seasonality to possible abrupt changes using long term records. 


This approach will help our understanding of the hydrology of Arctic glaciers and to quantify the storage of meltwater, and identify seasonal patterns of discharge. 

Climatology and Heat Budget


Climate and the physical properties of ice, determines the extent and behavior of glaciers and their geomorphic processes. Moraines and trimlines show the limits of glaciers at specific times in the past and are some of the most frequently used ice extent indicators. The context of the flow chart found in Fig. 3, the terminus of a glacier responds to the change in climate. 
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Figure 3. The steps in the relation between the position of the glacier’s terminus and the climate. Taken from Paterson 1994. 

The dashed lines in Fig. 3 indicate that the climate may change the ice temperature, changing the flow pattern of the glacier without changing its mass balance. Also, feedback may also occur, where a glacier can modify its local climate, although to what extent is unclear.

              There are different ways to study the relationship between the climate and the glacier responses. For example, advancing Swiss glaciers have been correlated with a climate index that depended on the frequency of different types of weather (Oceanic-type winter weather, cold spells in spring, monsoon-type summer weather, anticyclonic summer weather, fine weather in September) (Paterson 1994). Another example relative to Linnébreen observations include correlations between mass balance and surface observations with meteorological variables measured at stationary weather station locations. Although these analysis are valuable to understanding predictions of terminal positions, they are vague on describing the physical processes that control the advance or retreat of glaciers. Considering the processes, further analysis of each step in Fig. 3 should be considered. The “general climate” refers to average conditions over a larger area. The “local climate” indicates conditions on the glacier and in its immediate surroundings. In order to better understand the impacts of climatology, atmospheric processes will be further discussed.
Atmosphere, Ocean and Surface Climate

Svalbard is in the Atlantic Arctic Region, which includes both the Greenland and Barrents Sea. The Atlantic Arctic is characterized having high humidity, high precipitation, pervasive cloudiness and a narrow annual temperature range (Szembek, 2006). Generally, the Atlantic Arctic air currents are determined by the Winter Icelandic low and the orographic and radiative induced anticyclone flow over the Greenland Ice Sheet and the central Arctic Ocean (Hanssen-Bauer et al, 1990), resulting in the Westspitsbergen Current.

Air Temperature

Surface air temperature is the most common climate change variable recorded. It is useful in that it integrates changes in surface energy budget and atmospheric circulation. It is controlled by parameters including cloud cover, wind, precipitation, oceanic circulation etc.; therefore is valuable in interpreting changes in climate.  The historical climatological report of the Isfjord Radio Station is described in Fig. 4.
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Figure 4. Average and extreme temperatures.  The top curve is the absolute maximum temperature; next down is the highest monthly mean; middle curve is the average; next down is the lowest monthly mean; the lowest curve is the absolute minimum. (from Hanssen-Bauer et al, 1990).
Atmospheric Circulation
The present climate on Svalbard is cold and dry, although it is warmer and more humid on western Spitsbergen that it is for other land masses at similar latitudes (Svendsen and Mangerud, 1991). In Linnédalen the mean annual temperature is close to  -5° C and precipitation about 400 mm (Svendsen and Mangerud, 1991). The relatively mild climate at the high latitude of 78° N is partly due to the influx of temperate surface water by the Westspitsbergen Current, the northernmost extension of the Gulf Stream. It flows poleward through eastern Fram Strait along the western coast of Spitsbergen.
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Figure 5. The West and East Spitsbergen Currents as represented by the Mariano Global Surface Velocity Analysis (MGSVA). 
Fig. 5 shows that these currents are fed by the East Iceland Current and the Norwegian Current. These currents are the polar limb of the North Atlantic circulation and contain source waters from the North Atlantic Current and North Atlantic Drift.
Hydrology


Glaciers are important components in hydrology of rain and snow catchments, reflecting increase in volume of streamflow and modifying responses to meteorological forcings (Hodgkins 2001). Specifically, snowmelt gives a temporally damped discharge signal, owning to the high albedo of snow and the dominance of flow by relatively slow percolation (Hodgkins, 2001). An important concern of glacier hydrology is to determine the ways in which meltwater flows through glaciers, as these determine the response of the glacier to meteorological forcing, mediating between inputs of solar and advective energy and meltwater outflow. Furthermore, where water follows variable flowpaths with differing locations and residence times, it acquires dissolved and suspended material in variable concentrations (Hodgkins, 1997). 
Glacier Classification and Hydrologic Characteristics

Variation in glacier classification have long been discussed and disputed. It uncontroversial to classify most glaciers as being poly-thermal; however, its thermal regimes must be classified in order to be fully understood. Most classification systems are given as temperate, and non-temperate glaciers. Temperate glaciers are defined as those that are entirely at the melting temperature, with the exception of a surface layer transiently cooled during winter (Ahlmann, 1933). 

According to Hodgkins (1997), it is assumed that non-temperate ice acts as an aquiclude, restricting drainage to surface runoff; which is rapid and access to debris sources is limited. 

Temperature distributions within glaciers control the classification and thermal regime of glaciers. Specifically, the surface temperature of the glacier is determined by climate, (Paterson, 1994). Many factors are taken in consideration with the atmospheric climate that ultimately drives the ice surface temperatures. The significance of ice surface and near ice surface temperature is to help classify what type of thermal regime the glacier is classified under. 
Glacier Thermal Classifications in Svalbard

Variations in glacier thermal regimes have also been identified in Svalbard. Specifically, there are three specific examples of each; Scott Turnerbreen is entirely non-temperate with temperatures well below the pressure melting temperature throughout its entire depth. Austre Brøggerbreen is almost entirely non-temperate, except for a shallow layer near the ice bed at depths greater than ca 90 m (Hodgkins 1997). Vatne et al. (1996) clamied that Hannabreen temperatures below pressure melting to depths of ca 16 m from the surface, but with a mean depth of 140 m (Sollid et al., 1994) temperate ice should be present over at least part of the bed (Hodgkins 1997). Kongsvegen is classified as being poly-thermal, with non-temperate ice only present in the upper ca 100 m of its ablation area. Poly-thermal regimes have also been given the name “two-layered” based on Macheret (1990). Erikbreen has been similarly classified based on synthetic-pulse radar, displaying the topography and thermal structure of the glacier. Erikbreen is largely temperate with the exception of non-temperate surface layer (20 – 35% of ice thickness) in the ablation area. 

Temperate glaciers in Svalbard have distinctive characteristics given the Arctic location and processes of ice formation. The first is when the ice is deep enough to reach the pressure melting point. The second occurs in areas of net accumulation, resulting from insulation from winter conductive cooling by a perennial snow cover but mainly from the release of latent heat of fusion by meltwater percolating through the snowpack (Hooke et al., 1983). 
OBSERVATIONS FROM LINNEBREEN

Location

Spitsbergen, the largest island of the Svalbard archipalego, lies upstream from the terminus of the Norwegian and North Atlantic Drift Currents. Our research was conducted in the western portion of Spitsbergen, Nordenskiold Land. Isfjord Radio Station (lat. 78° 4’N., long. 13° 38’E., 5m a.s.l.) is located on Spitsbergen, bounded by a fjord (Isfjord) to the north and to the south lies a mountain range (Heckla-Hooke formation) that reaches up to 800m a.s.l. The Norwegian Sea is situated to the Southwest of the Radio Station (Fig 6).
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Figure 6. Location of Linnébreen.   
Regional Weather


During the first Svalbard Research Experience for Undergraduates (REU) during the summer of 2004, several weather stations were installed within the Linné Valley (referred to thereafter as Linnédalen). The main weather station is located just south of the Linné Lake (referred to thereafter as Linnévatnet) at 78° 1’N., 13° 52’E (Fig. 7). The recorded meteorological data includes air temperature, wind speed and direction, relative humidity, barometric pressure, liquid precipitation, and net shortwave radiation. 
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Figure 7. The main weather station
Ice Surface Measurements

Field Work


During the summer of 2006 for the duration of twenty two days (July 22- August 12th), meteorological and surface lowering data was taken at specific weather stations situated within the glacial terrain of the Linnédalen. Part of a National Science Foundation (NSF) funded Research Experience for Undergraduates (REU) program in collaboration with the University Centre in Svalbard and Mt. Holyoke College, Smith College and Bates College, the data was recorded and collected by participating students. The Linnébreen is situated at the southern most point of the glacial valley and discharges to the north, eventually into the Linnévatnet. The main weather station, located at the northern end of the glacial valley melt-water catchment (lat. 78° 1’ N., long. 13° 52’E., alt 40 ± 15 m a.s.l.) recorded meteorological data including air temperature, wind speed and direction, relative humidity, barometric pressure, liquid precipitation, and net shortwave radiation. Three other weather stations were situated throughout the glacial valley (Fig. 8). One weather station was located on top of the LIA (terminal) moraine, one along a middle lateral moraine (lat. 78° 58’N., long. 13° 54’ E., alt. 150 ± 15 m a.s.l.), and one located at the second ablation stake on the glacier (coord.). Both the moraine weather stations recorded temperature, relative humidity and liquid precipitation. 
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Figure 8. Location of meteorological recording stations.

Field data collection included hiking from Isfjord Radio Station base camp, east-southeast towards the Linnévatnet for about 4023.36 m (2.5 miles).  After crossing the Linnévatnet from the north to south end in zodiac boats, teams broke off to hike to different parts of the valley, focusing on projects including Linnévatnet bathometry and sediment plume frequency, Linnéelva (the Linné river) sediment transport and discharge rates, and glacial ablation and ice surface lowering rates. Due to the long distance from the Isfjord Radio station base camp to the glacier stakes; about 33.8 km, about 21 mi., the ablation stake readings were taken only every other day. 

Ablation Stake recordings

Eight stakes were used in measuring ice surface levels at 250 m intervals along the length of Linnébreen. Drilled into the ice surface from previous work, the length from the top of each stake to the ice surface at the beginning of the field project was recorded. Measurements were taken approximately during the same time every day around 12:00 local time at the first stake and taking approximately 90 minutes to reach the final eighth stake. To get the most representative measurement of the surface, the measurement was taken using a meter-long level board placed at the bench-mark then marking then level on the stake. From the top of the stake to the measured mark was recorded as total surface lowering to date. See Fig. 9a and 9b.
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Figure 9a. Location of stakes on the surface of Linnébreen 

Figure 9b. Recording surface lowering using ablation stake readings. An example of measurements taken throughout time. 
High Resolution Surface Lowering Data


Surface lowering measurements at stake two were also measured once every thirty minutes using technical  equipment, a Campbell Scientific Corp. SR50 acoustic distance sensor. The components of the distance sensor are given in Fig. 10.
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Figure 10. Components of the Campbell Scientific Corp. SR50 acoustic distance sensor.

The SR50 determines the distance to a target by sending out ultrasonic pulses and listening for the returning echoes that are reflected from the target. The time from transmissions to return of an echo is the basis for obtaining the distance measurement. Since the speed of sound in air varies with temperature, an independent temperature measurement is required to compensate the distance reading. This was immediately corrected using the current weather station data at stake two. As the glacier surface melted, the data was recorded. The acoustic distance sensor takes about 0.6 sec to 3 sec maximum to record the measurement. The operational accuracy is typically 1” and resolution is 0.004”, or 0.1 mm with a measurement range of 0.5 to 10 m (1.6 to 38.2 ft). The operating temperatures range from -45° C to +50° C. The output devices used to record the distance measured was the Campbell Scientific Corp. CR510.
DATA ANALYSIS

Methodology

Another component of the research focused on the correlation and causation of meteorological forcings with surface lowering events. The statistical analysis and graphical analysis were processed with the software program SigmaPlot® 10. Mathematical and statistical analyses were also processed using Microsoft Excel. The raw data using this software is represented in Appendix A. 
In order to better understand the high frequency data as a whole, eliminating the “noise” seen in the temperature and solar radiation data, during the field season, 12-hour averages were calculated. These averages were graphed with precipitation and surface lowering plots. Also, precipitation events were characteristic of having more than or equal to 0.8 mm of rain within a 12 to 24 hour time period. In order to understand the rate of surface lowering related to these events, they were graphed given the 12 or 24 hour time period, and graphed with temperature. These are labeled PA, PB, PC, PD, and PE. Non-precipitation events were also characterized by time periods of 24 hours that have 0.0 mm of precipitation. The events are graphed with surface lowering and temperature. These are labeled NA, NB and NC. These are specified by data and precipitation amount in Fig. 11. Finally, annual averages of temperature and precipitation are graphed along with the trend values of the averages. The annual average records were taken at the Longyearbyen (the most populated city in Spistbergen) airport starting in 1912 and going to present. These long term records are compared to and analyzed with the 21-day field season records from 2006.
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Figure 11. Precipitation event A, B, C, D, and E, and Non-precipitation event  A, B, and C.
RESULTS
The resulting data analysis of the field data is displayed in a series of figures. Appendix A displays the raw data in squiggle formation given the x-axis of the 21 day field period. The Fig. 12 contains “smoothed” values of temperature and relative humidity, with raw values of surface lowering (bold red line) and precipitation.  Smoothing of the temperature and relative humidity data was done using 12 hour average values. 
[image: image9.emf] Figure 12. The 12-hour average values of seasonal surface lowering (red), precipitation (blue histogram), solar radiation (green), and temperature (brown). The temperature and solar radiation values have been smoothed to better represent the transition of data points.
Major precipitation and non-precipitation events were also specified within the 21 day field period. The major precipitation events were given a parameter of 12 to 24  hour time period in which the accumulated rain was equal to or greater than 0.8 mm liquid precipitation. 

The resulting data of precipitation events shown in SigmaPlot graphs are shown in Fig. 13.  In Precipitation Event A, temperatures drop from 3.5 degrees Celsius to 2.5 degrees Celsius after 0.8 mm of rain. The surface lowering, however, accelerates as a result of the rain. There seems to be no indication of a lag response. Similar trends are seen in other precipitation events B, C, D, and E. 
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Figure 13.  Precipitation events A, B, C, D, and E with temperature and surface lowering responses. 
Further assessment of the line trends were calculated using slope values. These are represented in both precipitation and non precipitation events in Fig. 14. The slope values indicated that in precipitation events, the surface lowering accelerated much more than in non precipitation events. The slope value is represented in the equation:  

y = mx + b
where  m is equal to the grade of the slope and b is equal to the point of y-intercept. 
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[image: image15.emf]Precipitation Event B: Surface Lowering
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[image: image16.emf]Precipitation Event C: Surface Lowering
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[image: image17.emf]Precipitation Event D: Surface Lowering
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[image: image18.emf]Precipitation Event E: Surface Lowering
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Figure 14. Sloping trends and R2 values of surface lowering responses during precipitation events.

The greatest and most accelerated response to increased precipitation occurred during Precipitation Event B, with a slope of 0.141. The slowest of the acceleration rates are indicated in the non precipitation events in Fig. 15.
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[image: image20.emf]Non-Precipitation Event B: Surface Lowering
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[image: image21.emf]Non-Precipitation Event C: Surface Lowering
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Figure 15. Sloping trends and R2 values of surface lowering responses during non-precipitation events. The y-axis has been modified to a scale of similar maximum and minimum units of the precipitation events.
These results show that precipitation acted as an accelerant of surface lowering more than the expected response to change in temperature.  Also, the peak temperature, peak relative humidity and peak solar radiation within the 21 day period does not correlate with the accelerated response in surface lowering. Thus, precipitation; not temperature, relative humidity, or solar radiation, contributed the greatest to accelerated surface lowering. However, it is unknown whether this remains a correlation or a causation. Results from the long-term meteorological data suggest that precipitation and temperature events are related.
Comparison to Regional Trends

Regional long-term data has been consistently recorded in Longyearbyen at the local airport. This data has been collected since 1912 until present. 
Longer-term meteorological data of the Svalbard airport data indicates an increase in both temperature and precipitation since 1912. This is represented in Fig. 16 and Fig. 17. The temperature increase is nearly 2 degrees Celsius. This is a significant change given the time period. The temperature R2 value is 0.0768. 
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Figure 16. Mean Annual Air Temperature (MAAT) from 1912 to 2005 taken at the Longyearbyen Airport. 
The mean annual precipitation from the same recorded data from 1912 to 2005 has a similar trend in increase of precipitation frequency. The R2 value for the mean annual precipitation is 0.078. However, this increase in frequency does not consistently occur in more recent time; starting around 1996 the trend is significantly decreased.  The cause of this is not clearly presented in recent literature or data indicated in the graph; however, it should not be overlooked. It could possibly indicate a local Svalbard response to climate change.
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Figure 17. Mean Annual Precipitation from 1912 to 2005 taken at the Longyearbyen Airport.
DISCUSSION

For the research presented in this project, field qualitative observations were only reiterations of what the numeric data presented. The statistics of the gathered data present as a confirmation of the significance of rain events to surface melting processes. Initial observations suggested that temperature change (warming air surface temperatures) accelerated surface lowering rates. However, multiple observations made on the glacier throughout the field season confirmed that even with colder temperatures and cloud coverage, surface lowering was accelerated by rain events that precipitated from low-lying misty clouds. Also, the surface texture changed dramatically after a rain event to polished, slippery ice; as opposed to slushy, and corn snow ice. These patterns were reproduced in the model runs for the surface lowering acceleration rates. 
CONCLUSIONS

Thus, the primary question about the degree of impact of meteorological events on the surface of Linnébreen suggest that rain is the greatest impact on melting rates on the surface of Arctic glaciers given the measured parameters. Temperature does not have a short-term, local effect on the melting response; neither does solar radiation, or humidity. Long-term data shows that warming trends and increased precipitation have occurred since 1912. The possibility of precipitation frequency and temperature changes could feedback off each other, increasing as the other increases, or decreasing as the other decreases. Therefore, with increasing local temperatures as indicated in the long-term record, increased rain events are likely to occur. With the glacier acting as a response indicator of both local and global climate changes, this could indicate that there is also an increase in global temperatures; and eventually creating more frequent precipitation events.  

The most immediate effect of changing climatic conditions related to seasonal melting and ablation rates is the impact of rain frequency. 
GLOSSARY

Linnébreen : the Linné Glacier

Linnédalen: the Linné Valley

Linnévatnat: the Linné Lake

Linnéelva: the Linné River
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Appendix A: Raw Data (“squiggles”) of the 22 day field season. 
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