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Sammanfattning 
 
En polaroptimerad mesoskalig klimatmodel, Polar Weather Research and Forcasting 
model (WRF), har använts över Svalbard för att analysera senaste trenderna i 
klimatet. Klimatmodellen har skalat ner data från återanalysmodellen ERA-Interim till 
8 km rumslig upplösning för perioden 1989-2010. Års- och säsongstrender för tre 
platser, utspridda över ögruppen, har analyserats för tre meteorologiska parametrar, 
temperatur, nederbörd och vind. En temperaturavtagandeprofil har beräknats för två 
glaciärer på Nordaustlandet. 

Analysen av resultatet från klimatmodellen tyder på en temperaturökning med 
0.67–0.82oC. Ändringar i nederbörd och vind är svårare att dra slutsatser kring. Det 
beräknade temperaturavtagandet på Nordaustlandet hamnar på 4.2–4.6 oC/km för 
årsmedelvärden. 
 
 
 
 
 
 
 
Abstract 
 
A polaroptimized mesoscale climate model, Polar Weather Research and Forcasting 
model (WRF), has been used over the Svalbard archipelago for analysing last trends 
in climate. The climate model has been downscaled by the reanalysis model ERA-
Interim to 8 km spatial resolution for the period 1989–2010. Annual and seasonal 
trends for three sites, scattered across the archipelago, were analyzed for three 
meteorological parameters, temperature, precipitation and wind. An additional lapse 
rate were calculated for two glaciers at Nordaustlandet. 

The analyze shows that the Polar-WRF model suggest an significance 
temperature increase by 0.67–0.82 oC. However, changes in precipitation and wind 
are harder to prove. The calculated annual lapse rate at Nordaustlandet shows an 
temperature decrease by 4.2–4.6 oC. 
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1 Introduction 
 
A common tool when using historical weather data, is the application of 
meteorological reanalysis. This method uses observational data which are 
assimilated into a three dimensional grid by a numerical atmospheric model (NCAR, 
2013). However, in many situations there are needs for higher resolution than the 
ones provided by the reanalysis data sets. In those cases the use of downscaling by 
a regional climate model is necessary, for instance in studies of climate variability 
and for glacial mass balances modelling (Glover, 2009). Earlier studies in developing 
high-resolution climate data for the arctic had used ERA40 reanalysis that extends 
from 1957–2002 (Uppala et al., 2005). In this thesis, the ERA-Interim reanalysis, 
which covers the period 1979–present, (Dee et al., 2011) is used as forcing to the 
climate model Weather Research and Forecasting model (WRF). 

The WRF system components consists primarily of WRF Preprocessing System, 
the WRF-Var Data Assimilation, physics packages, WRF-Chem and the dynamics 
solver Advanced Research Weather Research and Forecasting (ARW) (Skamarock 
et al., 2008). 

The Arctic region has experienced more temperature increase than any other 
region on Earth, probably due to feedback mechanisms in thinning of glacial mass or 
changes in air and sea circulation or heat fluxes (Miller et al., 2010). These larger 
changes in climate are therefore easier to study in arctic regions, and several 
projects has recently been initiated to study the mesoscale climate to better 
understand the mass balances between ice and sea in the Svalbard archipelago 
(Førland et al., 2011) and (Hines et al., 2011). While most of the Arctic is 
uninhabited, the Svalbard archipelago is characterized by being relatively easily 
accessible and has several permanent meteorological weather stations (Esau et al., 
2012). Due to its exceptional accessibility, Svalbard is popular for Arctic research. 
Currently, Uppsala University is involved in several projects concerning Arctic climate 
at Svalbard. One of these projects are SVALI (Stability and Variations of Arctic Land 
Ice), a Nordic collaboration for Arctic climate, energy and enviroment studies. The 
project is devided into several parts, where of one of them is to formulate glacier-
atmospheric interactions (SVALI, 2012). 

This thesis will present an analysis of a data base created by supervisor Björn 
Claremar. It comprises a simulation with the WRF model where ERA-Interim data 
were downscaled to 8 km horisontal resolution for the period 1989–2010. The focus 
of this study is the temperature, precipitation and wind trends on Svalbard over the 
last two decades. For increased knowledge of causes to glacial-mass changes, 
vertical temperaure profiles at Austfonna and Vestfonna, glaciers on the island 
Nordaustlandet, will also be analysed. The result will be qualitatively compared with 
other, similar, analyses during the same period, which will give an increased 
knowledge of trends in the Arctic climate, and how the WRF model operates in the 
Arctic. 
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2 Theory 
 
2.1 Svalbard Climate 
 
The Svalbard archipelago is situated between the latitudes 76o26´ N and 80o50´ N 
and longitudes 10o30´ and 28o10´. The total land mass is 60% covered by ice, and 
the coastline is very complex with several fjords (Esau et al., 2012). The topography 
along with the location creates a unique polar-maritime climate, with continually 
impact from sea, sea ice and glaciers. Despite Svalbards northern location, winters 
are less cold than on other locations at the same latitudes, these lead to an 
occasionally ice-free coastline along the western shore. The heating is made up by 
both meridional atmospheric circulation and the ocean current. These heat sources 
make the climate sensitive to global scale variability. Along the Spitsbergen’s western 
coast the heating from the West Spitsbergen current is obvious compared to the 
more icy eastern coast, where northeastern polar current brings colder water masses 
and drifting sea ice. The northern location has also an impact on the diurnal and the 
seasonal variation, due to midnight sun, that appears between April-August, and the 
polar night (between October through February). This impact causes big variation in 
between seasons, but less diaurnal variations (Turner & Marshall, 2011). The 
proximity to both the cold Arctic ocean and the temperate Atlantic ocean gives a 
characteristic cloudy condition, especially during summer. 

Atmospheric circulation around Svalbard is dependent on mainly three centres of 
action (Turner & Marshall, 2011): the Siberian High in central Asia; the Icelandic Low 
in the North Atlantic; and the Aleutian Low in the North Pacific, which varies in 
intensity during the year. Both the low pressures are located in regions of strong 
horizontal temperature-gradient and this in turn is associated with high cyclonical 
activity. All centres are at greatest intensity during winter and weaken to nearly 
insignificant strength during summer. These three centres of action combined with 
the geography lead to a nearly constant wind direction in the area around Svalbard. 
Simulations done by IPCC’s AR4 models suggests a large decrease of high-pressure 
patterns, as well as an increase in deep low-pressures (Turner & Marshall, 2011). 
This fall-in-pressure scenario, meaning increasing in low pressure activity, over the 
Arctic is expected for both winter and summer. Cloud cover changes will though be 
difficult to predict, due to when the temperature increase, the air may contain more 
water vapor, which could lead to decrease in cloud cover. However, the sea-ice 
reduction may cause increased flux of moisture into the atmosphere that could lead 
to increasing the cloud cover. 

The climate of the Svalbard archipelago is also affected by surrounding sea-ice, 
which has a maximum volume by March, and after an extensivily melting during 
summer reaches a minimum in September (Turner & Marshall, 2011). Unique for the 
Svalbard archipelago is the West Spitsbergen Current (WSC), which is a warm, salty 
branch of the Gulf Stream. This current provides western Spitsbergen with warm 
Atlantic water which makes the Fram Strait, the water between Greenland and 
Svalbard, ice-free all year-round. 

If lacking high resolution temperature data, a common tool is to extrapolate 
existing observation to surrounding sites by the use of lapse rates. Lapse rates are 
here defined as the decrease of the near-surface temperature with height. Usually 
these rates are based on constant values throughout the year and daily cycle and at 
the most dependent on the area of interest. However, due to changes in sensible 
heat flux between air and surface, lapse rate changes on both a diurnal and seasonal 
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time scale. Lapse rate near glaciers and ice-masses is a very interesting variable in 
mass balance models to predict climate change influences from the development of 
ice masses. Results from these mass balance models can be used to calculate 
global sea level rise from glacial mass lost (Gardner et al., 2009). 
 
2.1.1 Expectations 
 
The Svalbard Archipelago, the surrounding water and inhospitable inland in 
particular, are witness an immense climate change. The Arctic has experiensed a 
notable increase in temperature and a significant thinning of the glacial mass over 
the last century (e.g. Hagen et al., 2003). 

Mean temperature differ from different parts of Svalbard, with warmer temperature 
in the Western Svalbard and colder temperatures in Eastern Svalbard, in particularly 
Nordaustlandet (Esau et al., 2012). Simulations based on downscaling of ERA40 
data show a strong temperature gradient from southwest to northeast (Førland et al., 
2009). At Longyearbyen, mean seasonal temperature varies from -15oC in winter to 
4oC in summer (Førland et al., 2011). Mean temperatures at the Nordaustlandet are 
significant lower, especially in winter, where mean temperature is below -20oC. For 
summer, the temperature is just above the zero. In all of the Svalbard archipelago, 
the coldest month is February and the warmest July. Several studies (e.g. Førland et 
al., 2011) from the Svalbard archipelago suggests an overall increasing temperature, 
especially in spring where all meteorological stations shows a significant warming 
trend between +0.27oC/decade to + 0.46oC/decade since the measurements started 
(Hanssen-Bauer et al., 2009). Obsevations from Svalbard Airport show an increase 
of the annual average temperature by 1–2oC between the periods 1961–1990 and 
1981–2010. The annual temperature increase for the last two decades at Svalbard 
Airport is nearly 1.2oC per decade (Førland et al., 2011). There is a significant inter-
annual variability in mean temperature in winter, while the temperature seems to vary 
least in summer (Hanssen-Bauer et al., 2009). As lapse rate calculations made by 
Gardner, et al. (2009) indicate, the near-surface lapse rate will be higher during 
summer months and lower during colder months. These lapse rates, calculated in the 
Canadian Arctic and Greenland, ranged from 4–8oC per kilometer. There is therefore 
likely, but not obvious, that the calculated lapse rate at Nordaustlandet will end up 
near this interval. 

Large differences in precipitation between the western and eastern side of 
Svalbard are well known from earlier studies (e.g. Førland et al., 2009). 
Measurements indicate that annual precipitation for Svalbard Airport is less than 200 
mm/yr. However, in the uninhabited regions of the eastern side, simulations indicate 
that precipitation amounts up to 1000 mm/yr. Even so, simulations based on 
downscaling of data from ERA40 are known to give too high values in this area. 
Least precipitation falls during the months April-June in all of Svalbard. Measured 
precipitation indicates a maximum in August and during the months February-March. 
Layer cloud precipitation is here defined as stratiform and/or orographic precipitation. 
This is the most likely precipitation in arctic regions due to low convection. 
Observations suggesting that the precipitation has increased by roughly 14% over 
the last century, in the Arctic north of 60o N, and all stations located at Svalbard 
shows significant increasing in the precipitation (Førland et al., 2011). The greatest 
increases has been observed in late summer/autumn and winter. However, 
sparceness of data and uncertainties in measuring precipitation due to the harsh 
conditions, limits the confidence in these results (Førland and Hanssen-Bauer, 2000). 
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Harsh conditions refer to strong winds, drifting snow, and the fact that precipitation 
can fall in both liquid and frozen form all year round at Svalbard (Førland et al., 
2011). ’Precipitation’ caused by blowing snow is normally excluded through quality 
controls, but combinations of both precipitation and blowing snow can cause 
difficulties in separating the proportion of real precipitation. However, during strong 
winds, measured precipitation may just be a fraction of the real ground precipitation. 
Even if layer cloud precipitation is the most common precipitation, convective 
precipitation in the Arctic is very interesting, due to the link between heat flux and 
radiation and cloud formation (Førland et al., 2009). 

At the measuring stations located along the western coast of Svalbard (e.g. 
Svalbard Airport and Ny-Ålesund) the most common wind direction lies in the 
northeastsoutheast sector, which is partly caused by the topography of deep valleys 
and fjords (Førland et al., 2009). As Svalbard lies in the border zone between cold 
Arctic air and mild maritime air, there is large cyclonic activity, and unstable and 
stormy weather are therefore common, especially in winter. At the mouth of Isfjorden, 
strong winds are particularly common. On average the measuring station registered 
wind speeds over 10 m/s in 10–15 days/month between November-March. Due to 
the prevail topography, days with stronger winds than 10 m/s are substantially lower 
in other parts of Svalbard (Førland et al., 2009). 
 
2.2 The Model 
 
2.2.1 WRF 
 
The model WRF version 3.2.1 is used over the Svalbard archipelago and the result is 
analyzed. The WRF model is a numerical weather prediction and atmospheric 
simulation system. This open-source model is widely used in research and is 
developed to satisfiy both scientific and operational communities (Skamarock et al., 
2008). The model has proved to be useful in ranges from 100 of kilometers down to 
individual cloud scales of 1–5 km. An Arctic version of the WRF-model (Polar WRF) 
was introduced in 2008, and has previously been tested and verified in both Alaska, 
Greenland and Antarctica and has shown to provide an improved regional result for 
polar regions (e.g. Hines & Bromwich, 2008). For the present analysis, Polar WRF is 
used with the model setup described Claremar et al. (2012) and in the next 
subsection. 

The Advanced Research WRF (ARW) is used as the dynamical solver of Eulers 
nonhydrostatic compressible equations, and integrated by a third-order Runge-Kutta 
scheme (Skamarock et al., 2008). The top of the model is set to be constant at 50 
hPa. Vertical terrain coordinate is added up into 28 levels, with 8 levels below 1500 
m. The grid resolution of 8 km was used in the model. 

When simulating, the ERA-Interim were used every 6 h (Skamarock et al., 2008). 
Inparameters, such as, temperature, wind and relative humidity were used from 
different pressure levels between 50 and 1000 hPa. Lower initial boundary conditions 
includes two levels of soil temperature and soil moisture. There were also additional 
initial boundary conditions of sea-ice, sea-surface temperature, surface and sea-level 
pressure as well as near-surface wind, temperature and humidity. The sea ice/open 
water ratio was weighted for each grid point (Claremar et al., 2012). 
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2.2.2 Physical scheme 
 
Physical schemes are used for parametrization of several types of meteorological 
and physical processes, such as cloud formation by convection, the radiation 
balances and turbulence in the lower atmosphere (Stensrud, 2009). 

Physics schemes used in the model follows those verified by Claremar (2012), and 
differ from physics schemes used in standard WRF models to be more optimized for 
Arctic climate. Schemes used in the model include microphysics, longwave and 
shortwave radiation, surface layer, land surface, planetary boundary layer and 
cumulus parametrization. 

The Microphysics Scheme describes explicit resolved water vapor, cloud and 
precipitation processes. It is the major scheme of cloud formation on a microphysical 
level (Stensrud, 2009), and is here represented by the Morrison double-moment 
scheme, which distinguish between six types of water (snow, ice, rain cloud droplets, 
water vapour and graupel) and uses a total of ten prognostic variables including 
concentration values and mixing ratios of snow, ice, rain, cloud droplets and water 
vapour etc. The doublemoment prediction in this model allows for a more resistant 
treatment of the particle size distributions, which are a key for simulating the 
microphysical processes (Skamarock et al., 2008). 

The Radiation Scheme reproduces the atmospheric heating due to radiative flux 
divergencies between short and longwave radiation, the radiation balances 
(Skamarock et al., 2008). For describing the longwave radiation, corresponding to 
thermal radiation, the Rapid Radiative Transfer Model (RRTM) is used, which uses 
16 spectral bands and represents longwave processes due to ozone, water vapor 
and trace gases (e.g. carbon dioxide). The RRTM model was chosen for better clear-
sky representation (Claremar et al., 2012). For shortwave radiation the Goddard 
scheme was used with 11 spectral bands that accounts for diffuse and direct solar 
radiation (Skamarock et al., 2008). 

The Surface Layer Scheme is responsible for the atmospheric condition just above 
the surface. This scheme is important in the land-surface and boundary layer 
representation and is here described by the Eta surface layer similarity (Claremar et 
al., 2012). Similarity theory is based on organizing groups of variables into 
dimensionless variables which leads to a set of same shaped curves, for more 
information behind the theory see e.g. Stull 1988. The scheme is dependent on the 
albedo which varies due to areas with both ice and land surfaces (Stensrud, 2009). 

The Land-Surface Layer Scheme uses atmospheric information from the surface 
layer scheme, radiative information from the radiation scheme and precipitation 
information from the microphysical scheme as well as soil and sea-ice variables to 
describe the heat and moisture fluxes over land and sea/ice (Skamarock et al., 
2008). These fluxes provide a lower boundary condition for the vertical heat and 
moisture transportation in the planetary boundary layer scheme and update the soil 
temperature in four layers and update the snow cover (none, increasing, decreasing 
etc.). The soil layer lies at constant depths at 0.10, 0.30, 0.60 and 1.00 metres. 
These layers are converted into snow layers in deep-snow-covered areas like 
glaciers, with snow density set to 0.2 kgm–3. 

The Planetary Boundary Layer (PBL) describes the vertical sub-grid-scale fluxes 
due to eddy transports in whole of the atmsopheric column (Skamarock et al., 2008). 
Sub-grid-scale refers to small-scale physical processes caused by unresolved 
smallscale motions such as small eddies and vortices. An eddy is a swirl of air that 
e.g. can be created by an obstacle, such as a large-scale slow-moving air mass 
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(Ackerman & Knox, 2007). The PBL represents the atmosphere that is affected 
directly by the surface. Lower boundary conditions are provided from the surface 
layer and the land-surface layer schemes. In this polaroptimized version of WRF, the 
Mellor-Yamada-Janjic (MYJ) planetary boundary scheme, with a nonsingular 
implementation of the Mellor-Yamada Level 2.5 turbulence closure model, were used 
which must be run with the Eta surface layer model (Skamarock et al., 2008). 

The Cumulus Parametrization is responsible for the sub-grid-scale effects caused 
by convective and shallow clouds, and represents vertical fluxes due to updrafts and 
downdrafts (Skamarock et al., 2008). The Grell-Devenyi ensemble convectice 
parametrization scheme used here, uses a total 144 sub-grids to represents mass 
fluxes using different static and dynamic controls which gives feedback to the model. 
 
2.2.3 ERA-Interim 
 
ERA-Interim is a re-analysis data set that has been developed by the European 
Centre for Medium-Range Weather Forecasts (ECMWF). Re-analysis of 
observations from past decades is an important tool for atmospheric and oceanic 
studies, both for forecasting as well as feedbacks in climate studies (ECMWF, 2008). 
The ECMWF has since 1993 developed re-analysis models for interpolate observed 
weather data into a fixed grid, and ERA-Interim is the latest version and it covers the 
years from 1979 till now. The reanalysis models are created by unchanging data 
assimilation that utilises available observations to model a state-of-the-art re-analysis 
data set. By using a single similation system, the re-analysis is not affected by 
changes in methods. This is of great use in climate research. Note that data from 
ERA-Interim is not observations, but just assimilations of the weather at given time 
with observations as basis. 

Data is produced in 3-hours intervalls for surface parameters and 6-hours 
intervalls for upper-air parameters (Dee et al., 2011). Each assimilation advances 
forward in time in a 12-hour cycle. In each cycle, observation combined with a 
forecast model, simulate the evolution of the state of the atmosphere. Physics 
schemes, mentioned above, are used and updated after each cycle.  
 
 
3 Method 
 
3.1 Methodology 
 
In the following study, data from ERA-Interim are downscaled with Polar WRF. The 
result is analyzed and compared with similar studies with other reanalysis e.g. using 
ERA40 (e.g. Førland et al., 2009). Note that comparison with observation are harsh 
due to discontinuous and short measurement series and changes in measuring sites. 
The data set used was created in March 2012 and last updated in April 2012 
(Claremar et al., 2012). The time window, for the data set, is chosen to be between 
the year 1989 to 2010, with values on meteorological variables every third hours. 
There are two optional spatial resolutions: one at 24 km resolution; and one at 8 km 
resolution. For the Polar WRF the 8 km resolution was used, covering the Svalbard 
archipelago, with 57 grid-points in east-west direction and 60 grid-points in north-
south direction, making it 3420 grid-points equal distributed over the analyzed region. 
The gridpoints follow the topography with varying altitude between 0 meter above 
sea-level up to 1200 meters (Claremar et al., 2012). 
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Three meteorological variables are analyzed: temperature, one value at each 
gridpoint 2 meters above the surface; precipitation, both layer cloud precipitation as 
well as convectice precipitation; and wind, horizontal direction in u and v coordinates 
and speed, 10 meters above the surface and an approximated geostrophic wind at 
about 1000 meters above the surface. Both winds follow the topography, but the 
1000-m wind in less extent. The discussion in the end will be primarily based on 
comparison with several other WRF analysis in the same region as well as analyzed 
data from meteorological measurement stations (e.g. Hanssen-Bauer et al., 2009). 
Statistics variables that are taken into account are: annual and monthly mean values 
as well as seasonal mean values; maximum and minimum values during the 
analyzed period; and linear trends. For the wind analysis, windroses are included for 
three sites. Windroses were made for two periods: 1989–1999 and 2000–2010. This 
periods were then compared to determine changes in wind direction. 

Due to current ice-air interaction research at Svalbard, lapse rate profiles are 
produced by the data from the WRF model. The profile determines the height-
dependent temperature decrease at Austfonna, the greatest glacier at Svalbard, and 
Vestfonna, both located on Nordaustlandet. The lapse rate is calculated by using the 
near-surface mean temperature value from Nordaustlandet following the Austfonna 
and Vestfonna glaciers. Each glacier were framed into a grid consisting of 40 to 75 
grid points, in westeast and north-south direction, to cover as much of the changing 
topography as possible. Temperature values were sorted by the corresponding 
height, from 25 meters above sealevel up to 716 meters. The lower boundary has 
been determined not to be sea-level, as the height interpolation of the topography is 
not optimal of the coast due to the spatial resolution. An approximated profile was 
then calculated by the mean-square method for annual and seasonal lapse rate. 

For comparsion of trends as well as maximum, minimum and mean values, three 
sites located in three different areas were choosen. The three sites were chosen to 
cover different parts of Svalbard and were therefore scattered across the whole 
archipelago. The selected sites are: one near Longyearbyen; one located at 
Sørkappland; and one at the glacier Austfonna on Nordaustlandet. In figure 3.1, all 
locations are marked on a topographic map. 
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Figure 3.1: Selected sites: 1. Longyearbyen; 2. Sørkappland; 3. Austfonna. Contours shown 
for each 200 meters. Dark blue: 0–200 m, blue: 200–400 m, light blue: 400–600 m, yellow: 
600–800 m, orange: 800-1000 m, red: 1000-1200 m. 
 
 
 
3.2 Selected sites 
 
3.2.1 Longyearbyen 
 
Located at 78o13´ N and 15o38´ E, Longyearbyen is one of the northernmost 
settlements in the world, and the largest on Svalbard with a population of 2,000 
people (UNIS, 2012). Longyearbyen has the longest continuosly measurement series 
of meteorological parameters at Svalbard (UNIS, 2012). Since 1912, have 
observations been made from four different stations nearby. Common for all four 
stations is the proximity to the coast. The observational data have been 
homogenized and stitched together. Despite this, small changes in location of Arctic 
measuring sites can lead to large changes in measuring conditions (Førland et al., 
2011). 
 
3.2.2 Sørkappland 
 
The second location was chosen to be on the southern tip of Svalbard at 
Sørkappland, with coordinates 76o84´ N and 16o23´ E. This point was selected due to 
the far southern latitude relative Longyearbyen, and also due to differences in nearby 
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enviroment and topography (Førland et al., 2009). Observations from this part of 
Svalbard are scarce, which is why comparison to observations should be taken with 
caution. 
 
3.2.3 Austfonna 
 
The last location was chosen to be in the high north, and the glacier Austfonna on 
Nordaustlandet was selected. Lack of the warm West Spitsbergen current suggesting 
colder and even more harsh climate than the other locations. The climate is instead 
mainly affected by a cold polar current, which means that pack ice can be found year 
round the coast. Austfonna is also the largest glacier on Svalbard, which has a great 
impact on the local climate. Observations from Austfonna are scarce and exists only 
in short series, e.g. there are no stationary weather station at all on Nordaustlandet. 
Coordinates are given by 79o54´ N and 23o62´ E (e.g. Esau et al., 2012). 
 
3.3 Statistical methods 
 
For linear trends as well as for lapse rate calculations, the least-square method has 
been used. However, for determining significance in the result, a method called 
Mann-Kendall’s test has been used, as described in Larsson (2004). It is a non-
parametric test which means that the test does not need any corresponding 
distribution. The test is relatively simple and the test variable, T, is defined by the 
following equation: 

 

𝑇𝑇 = �𝑛𝑛𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 

 
Where N is the total amount of elements in the data set, e.g. number of winter 
temperature data for Longyearbyen. 𝑛𝑛𝑖𝑖 is the number of previous elements greater 
than the element 𝑥𝑥𝑖𝑖, where i = 1, 2,…, N. The algoritm counts all previous elements 
𝑥𝑥𝑗𝑗, j = 1, 2,…, N – 1, greater than element 𝑥𝑥𝑖𝑖, where i = 2, 3,…, N. The test variable T 
is a dimensionless parameter and gives rather a direction on the trend than a 
magnitude. Due to the large amount of data, it is natural to assume normal 
distribution with assumption of null hypothesis also called randomness. The variance, 
V (T), and the expectation value, E (T), is then defined as: 
 

𝑉𝑉(𝑇𝑇) =
1

72
(𝑁𝑁(𝑁𝑁 − 1)(2𝑁𝑁 + 5)) 

 
 

𝐸𝐸(𝑇𝑇) =
1
4
𝑁𝑁(𝑁𝑁 − 1) 

 
From this, the normalized test variable Z (T) can be defined as: 
 

𝑍𝑍(𝑇𝑇) =
𝑇𝑇 − 𝐸𝐸

�𝑉𝑉(𝑇𝑇)
 

(3.1) 

(3.2) 

(3.3) 

(3.4) 
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Using tabular values from the standard normal distribution, it is possible to determine 
the probability 𝛼𝛼1 such as:  
 

𝛼𝛼1 = 𝑃𝑃(|𝑍𝑍| < |𝑍𝑍(𝑇𝑇)|) 

 
Using 𝛼𝛼0 = 5% as significance level, it is possible to determine the direction of the 
trend with respect to the sign on the Z-variable. Assuming the null hypothesis, mean-
ing that there will be no changes, then |𝑍𝑍(𝑇𝑇)| = 1.96. If, 𝛼𝛼0 < 𝛼𝛼1 then |𝑍𝑍(𝑇𝑇)| > 1.96 
meaning that we have a significant trend with 95% probability. 
 
 
4 Result 
 
The following section is the result of analysing the data set developed by running the 
Polar WRF. The result will be compared to similar studies using ERA40 as reanalysis 
(Førland et al., 2009) and with observations, analyzed by Hannsen-Bauer (2009). 
The common least-square method, has been used for adapt a linear trend to the 
data. 
 
4.1 Temperature 
 
The first result shows mean seasonal temperature distribution between 1989-2010 in 
fig. 4.1–4.4. Mean winter temperature are shown for the months December, January 
and February (DJF). Spring temperatures are mean values for the months March, 
April and May (MAM). Summer is defined as the months: June, July and August 
(JJA). Finally Autumn will be referred to as September, October and November 
(SON). In fig. 4.1 great differences in temperature can be seen between southern 
parts and northern parts. There also seem to be large local differences due to 
topography. North of Svalbard, there are also signs for the Western Spitsbergen 
current as warmer temperatures are registered just off the coast. 
 
4.1.1 Longyearbyen 
 
Table 1 shows annual and seasonal trends of temperature for Longyearbyen using 
Mann-Kendall’s test for determining significance in the result on the 95% level. As 
shown in table 1 there is a significant increase in annual mean temperature for the 
whole analyzed period, 1989–2010. Significance in the result exists also for the 
winter trend. 
 
4.1.2 Sørkappland 
 
The temperature trend result for Sørkappland has a similar pattern as for 
Longyearbyen, and shows also a similar magnitude in trend. Table 1 shows the result 
for Sørkappland. An overall increase in temperature with almost 0.7oC per decade. 
Significance for the 5% level exists for annual trend and winter trend, as for 
Longyearbyen.  
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4.1.3 Austfonna 
 
Temperature trends simulated at Austfonna differ slightly in magnitude compared to 
the other two sites as table 1 shows. Generally, there is a greater increase for 
Austfonna than for the other sites. For the whole period, the temperature has 
increased by 0.8oC per decade for the analyzed period, which gives an increase of 
almost 2oC for the whole period, 1989–2010. There is significance in the result for 
annual mean tamperature as well as for winter temperatures. 
 
 
Table 1. Temperature trends for Longyearbyen, Sørkappland and Austfonna. Trends 
significant for the 95% level are marked in bold. Annual and seasonal increase. 
 
Site  Annual Spring Summer Autumn Winter 
Longyearbyen Trend (oC/decade) +0.67 +0.09 +0.10 +0.61 +1.93 
Sørkappland Trend (oC/decade) +0.68 +0.06 +0.14 +0.70 +1.82 
Austfonna Trend (oC/decade) +0.82 +0.13 +0.12 +1.02 +2.26 
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Figure 4.1. Mean temperature distribution,       Figure 4.3. Mean temperature distribution, 
spring 1989–2010.             summer 1989–2010. 
 
 
 
 
 
 

      
 
Figure 4.2. Mean temperature distribution,        Figure 4.4. Mean temperature distribution, 
autumn 1989–2010.              winter 1989–2010. 
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4.1.4 Lapse rate 
 
Results from calculated lapse rates from the two glaciers Austfonna and Vetsfonna 
are shown in table 2. Table 3 shows spatial distribution of the lapse rate. As the 
tables shows, the temperature decrease, has a seasonal variation between 3.6–
5.3oC/km for Austfonna and 3.8–5.1oC/km for Vestfonna. The lapse rate for 
Austfonna tend to be slightly greater than that for Vestfonna. In fig. 4.5 a profile of the 
annual lapse rate is shown for Vestfonna. 
 
 
Table 2. Lapse rate for Austfonna and Vestfonna. 
 
Site  Annual Spring Summer Autumn Winter 
Austfonna Trend (oC/km) -4.6 -5.3 -3.6 -4.3 -5.0 
Vestfonna Trend (oC/km) -4.2 -5.1 -4.0 -3.8 -3.9 
 
 
 
 
Table 3. Spatial distribution of the lapse rate (oC/km) on Austfonna and Vestfonna. 
 
Site   Annual Spring Summer Autumn Winter 

East  -5.4 -6.1 -3.7  -5.2 -6.7 
 West -4.5 -5.5 -3.5 -4.4 -4.8 

North -4.6 -5.1 -3.9 -4.5 -4.9 
South -2.8 -3.6 -2.4 -2.8 -2.5 

 East -4.4 -5.2 -4.1 -4.3 -4.1
 West -3.0 -4.2 -3.3 -2.3 -2.0
 North -3.4 -4.3 -3.5 -3.0 -2.9 

South -5.2 -6.4 -5.4 -5.3 -5.4 
 
 
 

 
 

4.2 Precipitation 
 
4.2.1 Layer cloud 
 
Mean seasonal layer cloud precipitation distribution over Svalbard between 1989–
2010 is shown in fig. 4.6–4.9. Large variation in precipitation between western and 
eastern Svalbard can be seen by the figures, in all seasons. Most precipitation 
seems to fall in winter, while summer is the driest season. However, there are no 
larger differences between the seasons. In general, western and northern coast is 
driest, while most precipiation falls in the mountainous region of eastern Svalbard. 

From this, trends for the three chosen sites and corresponding significance 
according to Mann-Kendall’s test are shown in table 4. 

As seen in table 4, there is an increase for the sites, Longyearbyen and 
Sørkappland, corresponding to an increase in precipitation for the western and 

Austfonna 

Vestfonna 
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southern coast. However, a small annual decrease in precipitation is shown by the 
Austfonna region. Great variation in seasonal trends can be observed from table 4, 
e.g. compare Austfonna summer and autumn trend. Differences in trend pattern 
between the locations are also notable, e.g. compare Austfonna and Sørkappland 
spring trends. Note, that almost all results lacks significance, except spring trend for 
Austfonna. 
 

 
Figure 4.5. Annual temperature profile for Vestfonna, x-axis shows temperature in oC and y-
axis the height in meters. Cyan line shows data values, black line shows approximated lapse 
rate. 
 
 
 
Table 4. Layer cloud precipitation trends for Longyearbyen, Sørkappland and Austfonna. 
Trends significant for the 95% level are marked in bold. Percentage change is given by % 
per decade. 
 
 Site  Annual Spring Summer Autumn Winter 
 Trend (mm/decade) +0.57 -0.01 -0.02 +0.03 +0.01 

Percentage change +3.4 -10.5 -11.1 +25.3 +13.7 
 Trend (mm/decade) +1.75 +0.04 +0.01 +0.01 -0.02 

Percentage change +5.6 +25.7 +4.7 +3.5 -6.3 
 Trend (mm/decade) -0.05 -0.01 -0.01 +0.08 -0.02 
 Percentage change -0.2 -4.7 -8.8 +32.6 -7.6 
 
 
 
4.2.2 Convective 
 
After running the current data with respect to convection, no sign of convective 
precipitation, whatsoever, were discovered in the analyzed region.  

Longyearbyen 

Sørkappland 

Austfonna 
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Figure 4.6. Mean precipitation distribution,       Figure 4.8.: Mean precipitation distribution, 
spring 1989–2010.             summer 1989–2010. 
 
 
 
 
 
 

      
 
Figure 4.7. Mean precipitation distribution,        Figure 4.9.: Mean precipitation distribution, 
autumn 1989–2010.              winter 1989–2010. 
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4.3 Wind 
 
4.3.1 10-m-wind 
 
Seasonal 10-m-mean-wind distribution is here shown in fig. 4.10–4.13. As the figures 
show, the ten-meter-wind tends to follow the topography well. Wind direction is 
mostly from northeast-southeast, with increased speed eastward. Summer tend to be 
the least windy season, while winter and spring seems to be the most. As table 5 
shows, the result suggests a decrease in annual mean wind speed for all locations 
during the period, although there are small changes in between seasons. 
Longyearbyen and Sørkappland follows same trend pattern, with increases in spring 
and autumn. While simulations from Austfonna suggests an increase in summer. 
However, winter trends for Austfonna and Sørkappland are the only result that shows 
significance. 

Annual wind distribution is shown in windroses in fig. 4.14–4.19 and seasonal 
distribution is shown in Appendix. There seem to be small seasonal changes in wind 
scattering between the two eleven-years periods. However, changes has not been 
shown on an annual basis. For Longyearbyen changes has been shown for spring, 
summer and autumn. For Sørkappland, changes in wind direction were noted 
between the two elevenyears periods during autumn. Changes at Austfonna seems 
to be shown for summer and autumn. As the windroses in fig. 4.14–4.19 and in 
Appendix shows, each site has a dominated wind direction. For Longyearbyen, this is 
southeastern, for Sørkappland it is northeastern and for Austfonna it is north-
northwest. This total domination of one wind direction is due to the three centres of 
action: the Siberian high, the Icelandic low and Aleutian low, as well as the local 
topography. 
 
 
 
Table 5. Wind speed trends for Longyearbyen, Sørkappland and Austfonna. Trends 
significant for the 95% level are marked in bold. Percentage changes shows trends per 
decade. 
 
 Site  Annual Spring Summer Autumn Winter 
 Trend (ms–1/decade) <0.01 +0.11 -0.46 +0.02 -0.13 

Percentage change -3.3% +2.2% -9.9% +0.4% -1.9% 
 Trend (ms–1/decade) <0.01 +0.09 -0.15 +0.13 -0.05 

Percentage change <0.01% +1.2% -2.2% +1.5% -0.5% 
 Trend (ms–1/decade) <0.01 -0.25 +0.09 -0.11 -0.41 
 Percentage change -2.0% -3.3% +1.6% -1.4% -4.7% 
 
 
 
 
 
 
 
 
 

Longyearbyen 

Sørkappland 

Austfonna 
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Figure 4.10. 10-m-wind distribution, Figure 4.12. 10-m-wind distribution, 
spring 1989–2010. summer 1989–2010 
 
 
 
 
 
 
 

      
 
Figure 4.11: 10-m-wind distribution, Figure 4.13: 10-m-wind distribution, 
autumn 1989–2010. winter 1989–2010. 
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Figure 4.14. Windrose for Longyearbyen, Figure 4.17. Windrose for Longyearbyen, 
1989–1999. The numbers ’5000’ and 2000–2010 
’10000’ tells the amount of data values. 
 
 

      
 
Figure 4.15. Windrose for Sørkappland, Figure 4.18. Windrose for Sørkappland, 
1989–1999. 2000–2010. 
 
 

      
 
Figure 4.16. Windrose for Austfonna, Figure 4.19. Windrose for Austfonna, 
1989–1999. 2000–2010. 
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4.3.2 Geostrophic wind 
 
The geostrophic wind at 1000 m.a.s.l. shows a substantially largely westbound wind 
in winter and autumn, and is shown in fig. 4.20–4.23. Summer seems to be 
dominated by northwestern. However, spring seems to be be dominated by strong 
eastern wind along the eastern and northern coast, while the western coast seems to 
lack any stronger wind speeds. The simulations suggest that even at 1000 m.a.s.l. 
the wind is infuenced by the topography. Trends for the approximated geostrophic 
wind is present in table 6, and as shown, there is an ambigous tendency that the 
geostrophic wind has decreased. However, significance occurs only for annual trends 
and for Austfonna winter trend. 
 
 
 
Table 6. Wind speed trends for Longyearbyen, Sørkappland and Austfonna. Trends 
significant for the 95% level are marked in bold. Percentage changes shows trends per 
decade. 
 
 Site  Annual Spring Summer Autumn Winter 
 Trend (ms–1/decade) -0.02 -0.24 -0.44 -0.34 -0.61 

Percentage change -4.7% -3.1% -6.3% -3.9% -6.0% 
 Trend (ms–1/decade) -0.02 -0.26 -0.63 -0.15 -0.38 

Percentage change -3.6% -2.9% -8.0% -1.5% -3.3% 
 Trend (ms–1/decade) -0.02 -0.50 -0.55 -0.22 -0.19 
 Percentage change -4.7% -6.0% -7.3% -2.4% -2.0% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Longyearbyen 

Sørkappland 

Austfonna 
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Figure 4.20. Approximated geostrophic Figure 4.22. Approximated geostrophic 
wind distribution, spring 1989–2010.  wind distribution, summer 1989–2010 
 
 
 
 
 
 

  
 
Figure 4.21. Approximated geostrophic Figure 4.23. Approximated geostrophic 
wind distribution, autumn 1989–2010. wind distribution, winter 1989–2010. 
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5 Discussion 
 
There is an obvious climate change ongoing at Svalbard, as the result in section 4.1 
shows an increase in temperature by 0.6–0.9oC per decade for the three selected 
sites. Even for the relative short period of the two last decades the result shows 
significance. The result proves the public perception of a warmer climate as well as 
Hanssen-Bauer et al. (2009) observations, that have shown an increase by up to 
0.49oC per decade for the four last decades from Ny-Ålesund. As Hanssen- Bauer’s 
observations suggest, the model shows an extensive increase in winter. This rapid 
increase in temperature may depend on Arctic amplifications as Miller et al. (2010) 
suggest, e.g. thinning of seaice. Keep in mind, that the performance of the model 
may have more influence on the result than any other reason mentioned in this 
analysis. However, for discussing about the verification of the model see (e.g. 
Claremar et al., 2012). If the performance of the model is not taken into 
consideration, there is one other important reason for different results. This is the fact 
that the temperature increase may not be linear (e.g. Førland et al., 2011), and that 
the trend also is dependent on starting point. However, it is interesting that, even at a 
relative small time-scale as 22 years, there are significant annual increasing trend for 
temperature at Longyearbyen, Sørkappland and Austfonna, three places scattered all 
over Svalbard. 

In fig. 4.4, the winter mean temperature distribution is shown. The figure suggest 
that even during ice free conditions the temperature is considerably colder than the 
surrounding landmasses. However, since ice free waters often indicates warmer air 
temperatures, due to heat fluxes from sea to air, one possibility is that the sea 
surface temperature (SST) is treated incorrectly in the model. Since the western 
coast of Svalbard is ice free due to the West Spitsbergen current, the air temperature 
should be higher than shown in fig. 4.4. 

As reviewed in section 4.1.4, the lapse rate follows the expected values for the 
region. The temperature decrease varies between 4.1–4.9oC/km. Vestfonna seems 
to have a slightly smaller lapse rate than Austfonna, which is illogical because of a 
more westerly location (nearer to the warm West Spitsbergen current). The result 
also shows that the lapse rate is greater during summer compared to winter at 
Vestfonna, which is not the case for Austfonna. This contradictions is also in some 
way confusing, the differences may be caused by the radiation scheme. In table 3 the 
spatial distribution of the calculated lapse rate are shown. It shows difference 
between eastern and western parts, respectively northern and southern. It shows 
that, Autfonna has a greater lapse rate in easterly and northerly direction, which is 
inconsistent due to that colder temperatures should indicate a weaker lapse rate, and 
this is not showed for Austfonna. The lapse rate calculated for Vestfonna, show a 
more expected behaviour (Gardner et al., 2009), with greater lapse rate in the 
eastern and southern parts of the glacier i.e. the warmer regions of the glacier as 
seen in e.g. fig. 4.1. Variables that can affect the result are that the temperature 
varies largely at lower altitudes, e.g. see fig. 4.5. This increases the uncertanties in 
the analysis of the lapse rate. In the analysis this effect has been kept in mind as 
mush as possible, e.g. only temperature values over 25 meter are analyzed. Local 
variations in lapse rate occurs also on the glaciers. Large differences between lapse 
rates in the northern and southern parts respectively the eastern and western parts 
also increases the uncertainties. Greater lapse rates are found for northern parts at 
Austfonna and southern parts at Vestfonna. Differences in lapse rate may be due to 
differences in radiation and surface albedo which may affect the convection and 
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warming of the near-surface temperature and hence indirect affect the lapse rate. 
Future investigations may study the impact of SST (sea-surface-temperature) on the 
lapse rate as well as the radiation balances. 

As declared in section 2.1.1, the trends in precipitation shows no significance. 
However, the result tend to follow the expectations based on observations from 
Svalbard (Hanssen-Bauer et al., 2009). An annual increase in precipitation for 
Longyearbyen and Sørkappland corresponds to the observed increases from 
Longyearbyen for the last century. But simulation of precipitation tends to have great 
seasonal differences, as seen in table 4. Annual increases are between 2.1–3.2% 
per decade (Hanssen-Bauer et al., 2009) for observed precipitation, while simulated 
precipitation with the Polar WRF model are between 3.4–5.6% per decade which 
seems reasonable. Difference between the result for Hannsen-Bauer et al. (2009) 
and this analysis may be caused by different analyzed periods. No convective 
precipitation is somewhat surprising, due to the fact that, it was expected to occur at 
least some time during the period. However, the result suggest that the insolation is 
too scant for convection to occur. Because of the increasing precipitation is from 
layer cloud, there is possible that the increase may be due to increasing cyclone 
activity, which in that case would be proved by observations analyzed by Sorteberg 
and Walsh (2008), a more likely reason is when temperature increases the water 
vapor in the air increases which leads to increasing precipitation (Ackerman & Knox, 
2007). 

There is an ambiguous tendency that there has been a decrease in wind speed 
during the last two decades for all analyzed sites. Although, there is significance in 
the annual decrease for the approximated geostrophic wind, the percentage changes 
are small, and trends differs between seasons. Otherwise, few results shows 
significance and trends are hard to detect from the result for wind, due to variabilities 
in speed and direction. Forland’s (2008) analyzed data downscaled by ERA40 
indicates increases in wind speed during all seasons except summer in the northern 
and eastern part of Svalbard. However, the result lacks significance as for great 
variations in wind speed. As section 4.3.1 brings up, small changes in wind scattering 
has occured between the two eleven-years periods. While Longyearbyen shows 
increases in wind scattering during autumn and summer and decreases during 
spring, Sørkappland and Austfonna shows decreases in wind scattering during 
autumn and summer respectively. What causes these changes and why the changes 
are during different seasons are somewhat unclear. Probably, the changes are 
influenced by the possible increase of cyclone activity. 
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6 Conclusion 
 
In summary, the analyzed modelled data set created by Björn Claremar, has shown 
significant trends for annual and winter mean temperature and annual mean speed 
for the approximated geostrophic wind. Main conclusions regarding the result in the 
analysis are shown below. 
 

• Annual mean temperature has increased by 0.67–0.82oC per decade for the 
three analyzed sites, and winter mean temperature has increased by 1.82–
2.26oC per decade. 

• Lapse rate for Austfonna and Vestfonna lies between 3.6–5.3oC/km and 3.8–
5.1oC/km respectively. 

• No significant trends were discovered for precipitation. 
• No significance were found for trends in 10-m wind speed. 
• Increases in wind direction spread have been noted for autumn wind at 

Longyearbyen, while decreases have been noted for Longyearbyen during 
spring and summer months, as well as autumn wind at Sørkappland and 
summer wind at Austfonna. 

• Approximated annual mean geostrophic wind shows significant decrease by 
3.6–4.7% per decade. 
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Appendix 
 
Windroses 
 

      
 
Figure 6.1. Windrose for Longyearbyen, Figure 6.4. Windrose for Longyearbyen, 
spring 1989–1999. spring 2000–2010 
 
 

      
 
Figure 6.2. Windrose for Longyearbyen, Figure 6.5. Windrose for Longyearbyen, 
summer 1989–1999. summer 2000–2010. 
 
 

      
 
Figure 6.3. Windrose for Longyearbyen, Figure 6.6. Windrose for Longyearbyen, 
autumn 1989–1999. autumn 2000–2010. 
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Figure 6.7. Windrose for Longyearbyen, Figure 6.10. Windrose for Longyearbyen, 
winter 1989–1999. winter 2000–2010 
 
 

      
 
Figure 6.8. Windrose for Sørkappland, Figure 6.11. Windrose for Sørkappland, 
spring 1989–1999. spring 2000–2010. 
 
 

      
 
Figure 6.9. Windrose for Sørkappland, Figure 6.12. Windrose for Sørkappland, 
summer 1989–1999. summer 2000–2010. 
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Figure 6.13. Windrose for Sørkappland, Figure 6.16. Windrose for Sørkappland, 
autumn 1989–1999. autumn 2000–2010 
 
 

      
 
Figure 6.14. Windrose for Sørkappland, Figure 6.17. Windrose for Sørkappland, 
winter 1989–1999. winter 2000–2010. 
 
 
 

      
 
Figure 6.15. Windrose for Austfonna, Figure 6.18. Windrose for Austfonna, 
spring 1989–1999. spring 2000–2010. 
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Figure 6.19. Windrose for Austfonna, Figure 6.22. Windrose for Austfonna, 
summer 1989–1999. summer 2000–2010 
 
 

      
 
Figure 6.20. Windrose for Austfonna, Figure 6.23. Windrose for Austfonna, 
autumn 1989–1999. autumn 2000–2010. 
 
 

      
 
Figure 6.21. Windrose for Austfonna, Figure 6.24. Windrose for Austfonna, 
winter 1989–1999. winter 2000–2010. 
 
 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




