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Abstract 
 
The effects of a global climatic change on the wind climate of northwestern Europe are 
investigated with the aid of a regional climate model. There have up to date been few studies 
of how the wind climate will react to a greenhouse gas warming. Those that have been done 
are mostly global scale studies and centered on changes in storm activity during the winter 
season.   
 
I’m using data from a regional scale model developed by the Swedish Regional Climate 
Modelling Programme, or SWECLIM. The regional model uses two different global 
circulation models for boundary conditions (the HadCM2 model and the ECHAM4 model). 
The data consists of 4-times daily sea level pressure and geostrophic wind speed from a 10-
year control and scenario run time slice. The scenario time slice has a 2.5 times higher 
concentration of CO2 then the control. I also calculated the wind direction using the modelled 
geostrophic wind. 
 
I have investigated both the yearly, monthly and seasonal changes and well as changes of the 
extremes of the wind climate in the form of 95 and 99 percentiles and percentages of 
windspeed over 20 and 25 m/s.  
 
The model predicts an increased meridional pressure gradient as a result of the greenhouse 
warming. Regarding the wind climate the model predicts a higher frequency of westerly 
winds. In the North Sea and the Norwegian Sea there is a small increase of the yearly mean 
geostrophic wind speed. Sweden and northern Germany also experiences an increase of the 
yearly mean geostrophic wind speed when running the model with the HadCM2 boundary 
data, but a decrease when using the other model as boundary conditions. The storm climate 
shows no major increases in the number of storms per year due to the global warming. What I 
did find is an increase during autumn in the intensity of storms over the North Sea and the 
Norwegian Sea. During winter I found a decrease in storm intensity over the same area when 
using the ECHAM4 model as boundary data. An increase in the intensity of gale winds during 
autumn was found over Sweden and northern Germany when using HadCM2 boundary data. 
The ECHAM4 driven model showed a decrease during winter in the intensity of storm and 
gale winds in this area. 
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1 Introduction 
 
The possibility of a climate change due to an enhanced greenhouse effect has been the topic 
of many investigations during the last decade. An increase of the mean global temperature is 
one of the most discussed effects that are to be expected as a result of climate change. 
Another possible effect of a climatic change that has recently come to the attention of 
scientists is a change in the mid-latitude storm activity in the North Sea (IPCC, 1996). Mid-
latitude storms might be less intensive than its relatives, the tropical cyclone and the 
hurricane, but the large areas involved and the large time frame makes the mid-latitude storms 
just as devastating and economically expensive. Just the two December storms ”Lothar” and 
”Martin” in 1999 caused an overall economic loss estimated to EUR 14 bn (Munich Re, 
2000). One of the big hazards with these kinds of storms is the danger to boats and coastlines 
due to the big waves and storm surges generated by the storms. This particularly affects the 
fishing industry and offshore oil industry among others. The storms themselves are also a big 
hazard, the winds causing major property damages to buildings and cars and other vehicles, 
not to mention extensive damage to livestock, agricultural and horticultural products and to 
forests. The population growth and the growing concentration of people in cities makes 
mankind more and more vulnerable to natural disasters such as storms. An increase in number 
or intensity of mid-latitude storminess would lead to an even larger increase of both 
economical and social damages.        
 
People both within and outside of the scientific community have made a number of reports 
showing a worsening of the wave and storm climate in the North Atlantic during the last 
decades. One analysis for example made by Bacon and Carter (1993) showed an increase in 
mean wave height in the north Atlantic region since 1950. In 1994 a group of scientists started 
the WASA project (Waves and storms in the North Atlantic) to ”verify or disprove 
hypotheses of a worsening storm and wave climate in the north-east Atlantic and its adjacent 
seas in the present century” (The WASA Group, 1998). They found that the wave and storm 
climate has shown a small increase since the 1960’s, but these numbers are no higher than in 
the beginning of the century. Similar results were found by Heino et al (1999).  
 
Scenarios on future changes in extra-tropical storm activity under greenhouse warming have 
been investigated using global circulation models with contradictory conclusions. Zwiers and 
Kharin (1998) did a simulation with a Canadian GCM under CO2 doubling. They found a 
modest reduction of extreme near-surface wind speed in the mid-latitude and tropics and an 
increase in wind speed over northwestern Europe and at high latitudes. Zhang and Wang 
(1997) found a reduction in the winter extra tropical cyclone and anticyclone activity under a 
greenhouse-warming scenario. Lambert (1995) analysed the winter cyclones under CO2 
doubling. He found a decrease in the total number of lows in both the Northern and Southern 
Hemisphere but an increase in the frequency of intense cyclones. Obviously the results 
depend on the model used for the analysis.  
 
The purpose of this paper is to analyse the effects of human induced climate change on the 
future wind climate in a regional climate modelling experiment. The results from a regional 
impact study are more realistic than compared to the global scale since there are many local 
effects influencing the wind (i.e. local topography, surface friction etc). Possible causes and 
effects of changes to the wind climate will be discussed. Both the mean wind climate is 
examined and if any changes can be found in the storm activity, either in intensity or time 
distribution. Changes in the extreme of the climate, such as storminess, are often of more 
importance than the mean climate.  
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I have used the result, in the form of geostrophic wind and sea level pressure, from a regional 
circulation model developed by SWECLIM, with boundary conditions from ECHAM4 and 
HadCM2. SWECLIM (Swedish Regional Climate Modelling Programme) started in 1997 
with the purpose to produce regional climate change scenarios for Sweden and the Nordic 
region. SWECLIM is a joint effort between researches at SMHI and at the universities of 
Stockholm and Gothenburg (SWECLIM, 1998). More information about SWECLIM can be 
found on the homepage of SMHI1. The data comes from two models that have produced both 
a control time-slice and a scenario time-slice with a 2.5 times higher concentration of CO2. 
The difference between the control and the scenario is the climate change. I have used data 
from two profiles, one over the North Sea and the Norwegian Sea and the other over Sweden 
and northern Germany. This gives me the opportunity to find differences between data from 
over the ocean as opposed to a land surface.  
 
From the model output, the geostrophic wind and the sea level pressure have been used. 
Geostrophic wind derived from pressure is one of the best tools available for analysing the 
long-term trend of changes in the storm climate. Geostrophic wind is not affected by local 
effects and has therefore a closer connection to cyclones/anticyclones. The atmospheric 
circulation is caused by pressure differences between different regions. Pressure analyses are 
therefore an important complement to wind analyses, and is needed to understand and explain 
the processes that control the wind circulation.  
 
 
2 Background 
 
The surface of tropical and equatorial regions receives a larger amount of solar energy than 
the Polar Regions on an annual global average. This energy imbalance is compensated for by 
the atmospheric circulation that along with the oceans redistributes the energy over the globe 
by transporting energy from the Equator toward the Polar Regions. This chapter gives an 
overview of the global atmospheric circulation as well as a more detailed one of the mid-
latitudes and Europe. I will also address the subject about climate change and give a 
description of the different climate models used in this work. The major part of this chapter 
consists of a summary from Henderson-Sellers & Robinson (1994). Other sources of 
information are explicitly mentioned.    
 
 
2.1 Air pressure and atmospheric motion 
 
Air movement is caused by variations in the atmospheric air pressure. Air pressure is the force 
exerted by the weight of a column of air above a certain point on the surface. Air pressure is 
measured in hPa (hecto Pascal). 
 
The pressure is for most part determined by the density and temperature of the atmosphere. 
The density and the temperature decreases with height, therefore the pressure also decreases 
with height. Close to the sea level, an increase in height of 100 m causes a decrease in 
pressure with around 10 hPa. All pressure observations are therefore reduced to sea level.  
 

                                                
1 www.smhi.se (under the research and development section) 
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One way of analysing horizontal pressure variations is to create a pressure or isobaric map. 
An isobar is a line that connects points with the same pressure. The permanent and semi 
permanent regions of high and low sea level pressure in winter and summer in the European 
region can be seen in figure 2.1.  
 
During winter the northern European region is dominated by the Icelandic low-pressure 
system bringing mild winters with plenty of snow or rain. During summer the Icelandic low 
becomes less pronounced and the Azores high dominates the region.  
 
The meridional sea level pressure gradient between the Icelandic low and the Azores high is a 
very useful zonal indice and is known as the North Atlantic Oscillation (or NAO). Other 
regions in Europe can also be used to define zonal indices. The zonal indice is an indication of 
the strength of the westerlies, which plays a major role for the climate in Europe. High 
zonality indicates a strong westerly flow with high cyclonic activity and a strong maritime 
influence on the climate. Low zonality is an indication of a small latitudinal pressure gradient 
with a week westerly airflow and a continental influence on the climate (Jacobeit et al, 2001). 
 
The horizontal pressure distribution can also be studied at other atmospheric levels. Here it is 
best to show the variations in height over a constant pressure surface. This map is similar to 
the isobaric map, but the lines represent height contours instead of isobars. These height 
contours can either be in meter (m) or in geopotential meter (a measure of the work required 
to lift a unit mass from sea level to a height z against the force of gravity (gpm)).  
 
Across the North Atlantic and the North Pacific there are latitudinally confined regions of 
high eddy activity. These regions are preferred paths for cyclonic activity and are thus called 
storm tracks. Storm tracks are mostly found during the winter season when cyclonic activity is 

 
Figure 2.1 Isobar map over the European region for winter and summer (from Skåne atlas). 
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highest. Storm tracks are usually identified by a large variation in the bandpass (2-6 days) 
filtered 500 mb geopotential height field (Hoskins & Valdes, 1990). The two storm tracks in 
the Northern Hemisphere are the Atlantic storm track and the Pacific storm track. The 
Atlantic storm track begins in the vicinity of the eastern North America and terminates near 
the West Coast of Europe. The Pacific stormtrack begins in the vicinity of the eastern Asia 
and terminates near the west coast of North America (Lau, 1988). 
 
Primarily four different forces acting on the air parcel determine the relative acceleration of 
an object moving around a rotating planet. These forces are the pressure gradient force, 
gravitational force, Coriolis force and frictional force.  
 
The pressure gradient force is the force that acts from high to low pressure and is defined as 
the pressure change over a given distance. 
  
The Coriolis force as is explained by Persson (1998) is caused by the Earth’s rotation. If the 
earth were stationary, an object moving from e.g. north to south above the earth’s surface 
would move parallel with the meridians. However since this is not the case the earth moves 
taking the meridians and us further east. From our point of view it therefore looks as if the 
object deviates from its course. A moving object is deflected towards the right by the Coriolis 
force at the Northern Hemisphere and towards the left at the Southern Hemisphere. The 
horizontal deviation is largest for horizontal movements at the poles and non-existent at the 
equator. For vertical movements the vertical deflection is largest at the equator and zero at the 
poles.  
  
When an object increases its speed, the Coriolis force and with it the deflection increases. 
This apparent acceleration is called the Coriolis acceleration and is given by:  
 
Coriolis acceleration = (2Ω sinθ)u                                                                 (1)  
  
Where Ω is the angular rotation rate of the earth, θ is the latitude and u is the speed of the 
object. 2Ω sinθ is called the Coriolis parameter (f) and is constant for given latitude. The 
magnitude of the Coriolis acceleration varies with the speed of the object as well as with the 
latitude and acts perpendicular with the direction of the moving object. The Coriolis force is 
negligible when considering small-scaled wind movements. 
  
 
2.1.1 Geostrophic wind 
 
In the free atmosphere, about 500-1500 m above the ground, the surface friction has no 
influence on the wind flow. If the isobars are straight and parallel the pressure gradient force 
and the Coriolis force are the major forces to influence the wind. When these two forces reach 
equilibrium a balanced flow, the geostrophic flow is created. It blows parallel with the isobars 
(figure 2.2) with the low pressure on the left- (right) hand side when you have the wind in 
your back in the northern- (southern) hemisphere. Because the Coriolis parameter is at or 
around zero near the equatorial regions the geostrophic wind can’t be used in these areas. The 
speed of the geostrophic wind is proportional to the distance between isobars. The geostrophic 
wind is a good approximation for the real wind, but it is not a perfect measure. The relation 
between the geostrophic wind and the true surface wind are influenced by for example 
stability, gradient winds (explained below) and friction.  An approximation of the geostrophic 
relationship is given by these two equations:  
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Where ug is the west wind component and vg the south wind component, f is the Coriolis 
parameter, ρ the air density and ∆p/∆x and ∆p/∆y is the pressure gradient per unit distance in 
the x (north) and y (east) direction respectively. 
 
The geostrophic wind speed (Vg) can than be calculated using the vectors above (Stull, 1995): 
 

 

 
 
2.1.2 Gradient wind 
 
The geostrophic wind relationship is only valid when the isobars are straight and parallel. 
When the isobars are curved a third force comes into work, the centrifugal force. This acts out 
from the centre in all curved movements. During rotation around a high-pressure centre this 
force tends to work in the same direction as the pressure gradient force and acts to speed up 
the wind compared to the geostrophic wind. Around a low-pressure centre the centrifugal 
force acts in the opposite direction compared to the pressure gradient force and slows down 
the wind to below the wind speed of the geostrophic wind. But because low-pressure centres 
allow for larger pressure gradients and therefore higher wind speeds than high-pressure 
centres, storms are associated with low-pressure centres (Stull, 1995). The resulting wind that 
develops when the centrifugal, the pressure gradient and the Coriolis forces are in balance is 

 

 
Figure 2.2 The geostrophic wind balance between the pressure gradient and the Coriolis force (from 

Henderson-Sellers & Robinson, 1994) 
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called the gradient wind. The direction of this wind is the same as the geostrophic wind, 
parallel to the isobars. The difference in speed between the geostrophic wind and the gradient 
wind is greatest with strong curves and large pressure differences. 
 
 
2.1.3 Ageostrophic wind 
 
Close to the ground the winds moving over obstacles on the earth’s surface are affected by 
friction. The frictional force acts against the direction of the wind movement and reduces the 
wind speed, by transferring momentum from the air to the ground. The reduced wind speed 
lowers the Coriolis force, which depends on the wind speed. An ageostrophic flow that 
crosses the isobars towards lower pressure develops. The angle at which the wind crosses the 
isobars depends on the magnitude of the frictional force, which is largest at the ground and 
decreases with altitude. 
 
 
2.1.4 Barotropic and baroclinic atmosphere 
 
Since pressure and temperature varies with altitude horizontal winds also exhibits vertical 
variations. A warm air layer has a lower density than a cold air layer; the height differences 
between two pressure levels are therefore larger in the warmer air layer.  
 
In a barotropic atmosphere there are no horizontal temperature gradients, i.e. the temperature 
along an isobaric surface is constant, and the density of the air layer only depends on the 
pressure. There is therefore no spatial change of the air layer thickness and consequently no 
change in the wind speed or direction with altitude, meaning no disturbances in the air layer.  
 
In an equivalent barotropic atmosphere there exists a horizontal temperature gradient where 
the isotherms are parallel with the isobars.  This thermal gradient causes a change of the wind 
speed with height, but no change in wind direction and therefore cannot create any 
disturbances. The vector difference between the geostrophic winds at two different levels is 
called thermal wind. This wind is very useful. If the geostrophic wind at a specific pressure is 
known along with the mean horizontal temperature gradient in the layer, the thermal wind can 
be used to calculate the geostrophic wind at another pressure level.  
 
In a baroclinic atmosphere the density depends on both the pressure and temperature. The 
temperature varies independently of the isobars, causing the wind speed and direction to vary 
with altitude. This causes disturbances in the wind flow. The thermal wind blows parallel with 
the isotherms. Its speed is proportional to the spacing of the isotherms and it blows, in the 
Northern Hemisphere, with the low temperature to the left. Since the isotherms crosses the 
isobar advection of energy results. In the Northern Hemisphere a geostrophic wind turning 
clockwise (anticlockwise) with altitude is associated with a cold air (warm air) advection. In 
the Southern Hemisphere the conditions are reversed. 
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2.2 Atmospheric circulation of the mid-latitudes 
 
The atmospheric circulation of the mid-latitudes is dominated by the prevailing westerlies. In 
a narrow band a major poleward temperature gradient can be found. This area is commonly 
known as the polar front. The large temperature gradients in this region provide perfect 
conditions for development of baroclinic conditions. At the polar front there is an increase of 
wind speed with height leading to the development of a jet stream just below the tropopause. 
The jet stream is a belt of very fast moving winds, a few kilometres wide, hundreds, or even 
thousands, of kilometres long and a depth of a few hundred meters. The polar front and its 
associated large temperature gradient influences the tropospheric westerly wind flow, creating 
a wave like wind pattern known as Rossby waves. These waves are one of the most important 
features of the mid-latitude circulation. The Rossby waves cover most of the midlatitudes but 
are best developed in the narrow band were the polar front is located. 
 
The amplitude of a Rossby wave changes in an almost cyclic like pattern with a period of 20-
60 days. The amplitude is characterised as an index. The index is defined as the pressure 
difference between two latitudes; in the Northern Hemisphere these latitudes are normally 
chosen between 35°N and 55°N. During a high index circulation there is a strong zonal flow 
and a number of relatively smooth Rossby waves. When the index decreases the amplitude 
increases and distinctive large-scale low and high-pressure centres are formed. When the 
index changes from low to high a blocking anticyclone or a non-frontal depression may occur. 
 
 
2.2.1 Cyclones and anticyclones 
 
Frontal cyclones 
 
A cyclone (or depression) is a low-pressure centre with an anticlockwise (clockwise) air 
circulation around its centre in the Northern (Southern) Hemisphere. Near the ground the air 
around a cyclone tends to converge toward its centre causing a rising of air and a tendency for 
cloud formation. A frontal cyclone develops along a front, a front being a region with a 
marked horizontal temperature gradient, like for example the polar front. The birth and 
intensification of a cyclone is called cyclogenesis. 
 
According to the classic model of depression development produced by the ’Bergen school’ 
of meteorologists a cyclone is developed along a front in 6 different stages, which can be seen 
in figure 2.3. The warmer air along the front rises and is replaced by converging air in the 
lower troposphere. A low pressure is formed and the air starts to rotate cyclonically. The 
pressure falls, because the divergence in the upper troposphere removes the air from the 
depression faster than the convergence replaces the air in the lower troposphere. The 
depression continues to deepen and the amplitude of the frontal wave gets bigger. The cold air 
moves faster than the warm air, this causes the warm sector to shrink until the cold air mass 
takes over the warm air mass and occlusion takes place (stage E). After the occlusion the 
depression loses the temperature contrast. The cyclonic circulation can be maintained for a 
few days but sooner or later the winds will die down. The whole sequence of cyclone 
development can take about a week, during which the cyclone may have moved two or three 
thousand kilometres eastward. Several cyclones, usually around three or four, can form after 
one another, creating a family of depressions.  
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Figure 2.3 The different stages of cyclone development, from the initial state to the occlusion. (Henderson-
Sellers and Robinson, 1994) 

 

 
Anticyclones 
 
An anticyclone is a centre of high surface pressure with air spiralling clockwise in the 
Northern Hemisphere and anticlockwise in the Southern Hemisphere. An anticyclone is a 
region of descending air and divergence at the surface, giving generally clear sky conditions. 
There are several classes of anticyclones. The travelling anticyclones occur between members 
of a depression family, giving rise to clear weather between the passages of depressions. 
Blocking anticyclones develops as a result of the index cycle of the Rossby wave (ch. 2.2). 
These can greatly influence the weather over North Western Europe, giving nice and warm 
weather persisting for several weeks, forcing the depressions to take a more northerly route.     
 
 
2.3 Climatic change 
 
2.3.1 Cause  
 
The energy the earth receives from the sun is the main source for the atmospheric energy 
transport that gives us our climate. But were it not for the atmosphere and its greenhouse 
effect the mean surface temperature on earth would be more than 30°C below that of today. 
Jones et al (1999) did a study of the changes in surface air temperature during the last 150 
years. They found the annual average global surface temperature during 1961 – 1990 to be 
14°C. The mean surface temperature was found to be higher in the Northern Hemisphere 
(14.6°C) than in the Southern Hemisphere (13.4°C). The so-called greenhouse gases (mainly 
H2O (g), CO2, CH4, N2O, CFC’s and O3) absorb some of the earth’s emitted thermal radiation 
and radiate it back to earth, thereby keeping the heat from escaping the atmosphere. This 
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process is known as the atmospheric greenhouse effect. Changes in any factor that alters the 
radiation emitted from earth or received from the sun, or which changes the redistribution of 
energy around the globe can have an affect on the climate. An increase in the concentration of 
greenhouse gases will lead to a more efficient greenhouse effect. More of the emitted long 
wave radiation will be prevented from escaping the atmosphere leading to a warming of the 
lower atmosphere and surface. This is the enhanced greenhouse effect.  
 
Changes in the climate can be divided into two different groups. Natural causes or 
anthropogenic causes (climate change caused by human activity). Natural processes that can 
lead to global scale changes in the climate are divided into external and internal processes. 
External changes are caused by alterations of the processes outside of the climate system. For 
example changes in earth’s orbit around the sun. These changes lead to very long-term 
changes in the climate system, in the order of 100.000 years or more. The internal processes 
that can cause changes in our climate are for instance volcanic eruptions. Volcanic activity 
releases aerosols into the atmosphere along with water vapour and carbon dioxide. Aerosols 
(tiny liquid and solid particles) scatter and absorb radiation and tend to cool the surface. The 
energy and type of volcanic eruption mostly determine the climate change, which is rather 
short lived (a few years) and results in a temperature anomaly of a few tenths of a degree. 
Other natural internal factors are the amount of dust in the atmosphere, the reflectivity of the 
ice sheets, concentration of greenhouse gases, changing characteristics of clouds (see 
anthropogenic causes below) and rebounding of land, having been depressed by ice among 
others (IPCC, 1996).  
 
During the industrial era there has been a measurable increase in greenhouse gases and 
aerosols that is believed to be due to human activity. For example the burning of fossil fuels 
and deforestation of tropical rain forests releases carbon dioxide into the atmosphere. This 
increase in CO2 strengthens the greenhouse effect. Aerosols are also released by human 
activity, such as production of fossil fuel and biomass burning. Methane has also increased 
since the pre-industrial level. Methane emissions from anthropogenic emissions contribute 
between 60-80% of the global emissions (IPCC, 1996). 
 
 
2.3.2 Effects 
 
A problem when considering the effects of climatic change is the internal interactions in the 
climate system, the so-called feedback mechanisms. The feedback can work in both a positive 
and a negative direction. One example of a positive feedback is when the temperature rises 
leading to higher evaporation. The higher concentration of water vapour in the atmosphere 
leads to an increased absorption of the earth’s infrared energy. This causes a further increase 
in temperatures. Another positive feedback is the ice-albedo feedback mechanism. A higher 
temperature melts more ice and snow in the polar latitudes. This reduces the surface albedo 
(reflectivity) why more solar energy reaches the surface leading to higher temperatures. The 
feedback involved with increasing cloudiness because of increased evaporation caused by 
higher temperatures is less understood. An increase in low and middle clouds is believed to 
produce a negative feedback slowing the warming. This is because the increased cloudiness 
will reflect more incoming solar energy. An increase in cirrus clouds (high clouds) on the 
other hand have a smaller impact on the albedo and is expected to lead to a positive feedback 
because the increase in water vapour will enhance the greenhouse effect. Because of the large 
impact clouds has on the radiation budget and hydrological cycle, this lack of understanding 
regarding cloud-related feedback is a major source of uncertainty in climate modelling. 



Agneta Andersson   The wind climate of northwestern Europe mars 2001 

 10

 
There is evidence showing that the mean global surface temperature has increased since the 
late 19th century by about 0.3 – 0.6°C. The latest 40 years shows a slower warming trend, 
about 0.2 – 0.3°C. The temperature in the stratosphere as opposed to the surface has decreased 
by 0.6°C between 1979-1994 (IPCC, 1996). It is argued among scientists if the global 
warming is a result of anthropogenic forcing or just a part of nature’s variability (e.g. Corti et 
al., 1999). The global surface warming has not been uniform over the globe. The continents 
between 40°N and 70°N have exhibited the greatest warming. Some areas have actually 
cooled in recent decades, for example the North Atlantic Ocean north of 30°N. Globally the 
continents have experienced greater warming than the oceans, creating an increased thermal 
gradient between land and ocean.  
 
Finding long-term changes in the wind climate is not an easy task. The difficulty lies in 
finding a good set of reliable wind observations. Wind has only been measured the last half of 
the 19th century and these data series are often not homogenous. Earlier analysis was subject 
to estimation using the Beaufort scale. Here the wind is classified into 13 different classes (0-
12), depending on for example wave height and visibility or on land how much trees move in 
the wind or how much damage they do (Korevaar, 1990). A few analyses have used data of 
storm surges and waves. Bacon and Carter (1991) found an increase in mean wave height 
over the North Atlantic region since around 1950 when analysing the long-term trend in the 
wave climate of North Atlantic and North Sea using both visual estimates and instrumental 
measurements of wave height. Von Storch and Reichardt (1997) analysed past variations of 
water levels at Cuxhaven, Germany, but found no significant increase of storm-related water 
levels in the past. Kushnir et al (1997) used twice daily surface wind observations from 1980-
89 to generate a monthly averaged significant wave height history. They used a canonical 
correlation analysis to find a link between the significant wave height and the monthly 
averaged sea level pressure data. This link was then used to generate an extended statistical 
hindcast of monthly mean wave fields from 1960 and onward. They found an increasing trend 
in significant wave heights at several locations in the northest Atlantic.   
 
Earlier analysis has instead of wind observations used pressure data in various ways. Using 
calculated percentiles of surface geostrophic winds derived from triangles of stations with air 
pressure observations over north-western Europe, Alexandersson et al (1998, 2000) found a 
small increase in storm activity since the 1960s, this increase being more pronounced over the 
maritime areas. But these values correspond with values from the beginning of the century. 
Schmidt & von Storch (1993) on the other hand found no changes in the storm statistics in the 
past 100 years, when analysing the geostrophic wind calculated from sea level pressure 
measurements at 3 different locations in the German bight. Schmith et al (1998) used 
observed sea level pressure from 8 stations in the Northeast Atlantic for the period 1875-1995. 
They calculated 24-hour tendencies (the absolute 24-hour change in pressure) by applying a 
high-pass filter. They found a small increase in winter storminess during the past 2-3 decades 
in the northeast Atlantic.  
 
 
2.3.3 Modelled future changes 
 
Model based predictions of future climate change depend on the scenario used to force the 
model. Of the different scenarios used in IPCC (1996) all of them show the same trend of a 
global mean temperature increase and a global mean sea level rise by 2100. When taking into 
account all the different scenarios, the increase in global mean temperature varies between 0.9 
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and 3.5°C and the global sea level rise between 13 and 94 cm. The above-mentioned rise in 
global sea level and temperature along with an increased precipitation in high latitudes in 
winter is a common feature in all model simulations, but the modelled global warming is not 
uniform over the globe, neither in time nor in space. The warming is greater in Polar Regions 
than in the tropics. The warming is also greater over continents than over oceans and greater 
in winter than in summer.  
 
The changes in mid-latitude storminess under greenhouse warming are more uncertain. The 
north to south temperature gradient is one of the main energy sources for mid-latitude 
depressions together with the latent heat released during water vapour condensation. Because 
the high latitudes experience the greatest warming, this means that the meridional temperature 
gradient will decrease. A decrease in the polar-equator temperature gradient along the polar 
front will lead to a decreased baroclinicity; this should weaken the intensity of mid-latitude 
storms. On the other hand the increased baroclinicity above, because of an increased meridian 
temperature gradient in the upper troposphere, is associated with an increase in mid-latitude 
storm activity (Carnell & Senior, 1998). The results of a 2×CO2 time-slice experiment done 
by Beersma et al (1997) suggests that the effects of an increase in the upper troposphere 
temperature gradient approximately balances the effects of the decrease in the lower 
troposphere temperature gradient, giving a small net effect on mid-latitude storminess.  
 
In the case of a global warming, evaporation will increase leading to a rise in the atmospheric 
water vapour content. This could influence the extra-tropical storminess in different ways, 
either to an intensification of extra-tropical storms or to a decrease in the extra-tropical storm 
activity (e.g. Zhang & Wang, 1997). An increase in water vapour concentrations in the lower 
troposphere means that there is more moisture available for condensation in extra-tropical 
low-pressure systems. This will increase the release of latent energy in the atmosphere and 
thus enhance the potential to kinetic energy conversion. This will intensify the extra-tropical 
storms. On the other hand because the increased water vapour concentration is larger in low 
latitudes, the meridianal transfer of moisture increases. The increase in moisture content in 
high latitudes leads to an enhancement of the latent heat release, which weakens the meridian 
temperature gradient and thereby reducing the extra-tropical storm activity.  
 
Carnell and Senior (1998) modelled the intra-seasonal variability in Northern Hemisphere 
winter using the HadCM2 model. They found a reduction in the total number of storms in the 
source regions in both the North Atlantic and North Pacific, due to an increase in local 
diabatic heating. Their result suggested that the increase in water vapour concentration be of 
more importance for changes in storm activity than a reduction of the meridional temperature 
gradient. 
 
 
2.4 Climate modelling 
 
2.4.1 Global climate models 
 
A climate model is a simplified mathematical representation of all the processes that control 
the climate. Some of the most important processes when constructing a climate model include 
radiation processes, the energy balance and the difference between land/ocean/ice surfaces. 
These processes are complex and not fully understood. The generalisation of these processes 
is generally made in two different ways. The first is a simplification of the processes 
themselves. This can be approached empirically, by using available observational data or 
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theoretically, by specification of the physical laws involved. The second way involves the 
time and space resolution. Both these resolutions depend on data and computational 
availability as well as model design. The higher the time and spatial resolution is, the more 
reliable the results.  
 
A computer model starts with the present or pre-industrial conditions and then studies the 
effects of changing one or more component of the climate system. The computational 
procedure for reaching the required results often uses a time-step approach, meaning that the 
processes runs for a specific length of time after which new conditions are calculated and the 
process is repeated with the new conditions. Before using the model results for predicting 
future climate change, it is first tested by comparing it to the present climate. There will 
always be inherent uncertainties in the result because of insufficient observational data for the 
starting conditions and incomplete description of the physical processes.  
 
A general circulation model, or GCM for short, is a full three-dimensional model that 
represents most of the important physical processes. They incorporate mathematical 
descriptions of the atmosphere as well as oceans, land, biosphere and cryosphere. In a GCM 
the earth’s surface is divided into a series of rectangles called grid points. In the vertical the 
atmosphere is divided into approximately 6-10 levels, these levels are usually specified as 
constant pressure surfaces. The starting conditions are specified at each grid point as well as 
each level in the vertical. The equations are solved using the time-step approach and the 
results are interpolated between grid points. 
 
Because the thermal capacity of water is so much greater than air, the oceans play a very 
important role in distributing energy and moisture from the tropics to the poles. The oceans 
are also a major sink of heat, carbon and CO2. A GCM that has incorporated a three 
dimensional representation of the oceans into the model are called a coupled ocean-
atmosphere global circulation model, or OAGCM for short. OAGCM’s are physically more 
realistic for projecting future climate changes, especially the timing of the changes as well as 
the regional distribution. An important aspect of OAGCM’s is that they also offer the 
possibility of taking into account various feedback mechanisms, which is essential for climate 
change modelling. OAGCM’s are therefore the best tool available today for simulating future 
global climate change.  
 
When running a coupled ocean-atmosphere model it is often necessary to adjust or ”spin up” 
the atmosphere and ocean to a stable mutual equilibrium before starting any climate change 
studies. This is done to achieve negligible climate drift in the control run. 
 
 
The HadCM2 model 
 
HadCM2 (Hadley Centre Coupled Model, version 2) is a coupled OAGCM developed at the 
Hadley centre in UK. A detailed description of this model is given by Johns et al (1996) and a 
summary follows. 
 
HadCM2 has a horizontal resolution of 2.5 degrees in latitude by 3.75 degrees in longitude. 
The vertical resolution of the atmosphere is 19 levels in hybrid co-ordinates. This puts surface 
pressure and thermodynamic variables at the centre of the grid cell and the wind components 
at the corners. The atmosphere uses a 30-minute time step for most computations except 
radiation. The radiation scheme uses 4 spectral bands in the short wave and 6 spectral bands 
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in the long wave calculations. Radiation calculations take into account the radiative effects of 
clouds and trace gases (water vapour, carbon dioxide and ozone). Albedos over ocean 
surfaces differentiate between bare ice and snow covered ice. Over land the albedo depends 
on if the surface is snow-free or snow-covered and the vegetation type. For calculations of 
soil temperatures the model uses a 4-layer model imbedded in the land surface. This gives 
greater accuracy for diurnal and seasonal soil temperature cycles. The surface hydrology 
includes ground storage, storage in vegetative canopy, river outflow, and surface and sub-
surface runoff.  
 
The ocean component of the model has a vertical resolution of 20 depth levels and a time-step 
of 1 hour. Both the vertical mixing and horizontal diffusivity is calculated in the energy 
balance mixed layer model. The coupling cycle of the ocean and atmosphere consists of a 
one-day cycle. 
 
To bring the model to equilibrium a coupled spin up was used. The model was spun up for 
510 years and not to full equilibrium because of computational economy. The control run for 
the climate change study started after the 510-year spin up. The anomaly runs was then started 
10-years after the control (~1860). The first 10 years of the control run are neglected because 
of adjustments of the model from the spin up phase. The difference between the control and 
anomaly run is the climate change since pre-industrial climate. 
 
 
The ECHAM4 model 
 
ECHAM4 is a coupled OAGCM that has been developed at the Max Planck Institute für 
Meteorologie in Hamburg and has evolved from a spectral numerical weather forecasting 
model by the European Centre for Medium Range Weather Forecasts (ECMWF). The 
prognostic variables include vorticity, divergence, temperature, surface pressure, cloud water 
and water vapour (Chen & Roeckner, 1996). 
 
The horizontal resolution of the model is T42, which corresponds to about 2.8 degrees in 
latitude by 2.8 degrees in longitude. The vertical resolution is 19 levels in hybrid sigma-
pressure co-ordinates, with the top at 10hPa. For the atmosphere the model uses a time step of 
30 minutes for dynamics and physics. For radiation the time step is 2 hours. The radiation 
scheme uses only 2 bands in the short wave spectrum, the first band has the spectral interval 
of 0.25-0.68µm and the second band 0.68-4.0µm. The long wave spectrum is divided into 6 
bands. The radiation scheme takes into account the radiation properties of several greenhouse 
gases, such as water vapour, carbon dioxide, ozone, methane, nitrous oxide, 16 CFC’s and 
various types of aerosols. For the cloud and moisture advection a semi-Langrangian transport 
method is used (Chen & Roeckner, 1996). 
 
 
2.4.2 Regional climate models 
 
The global coverage and the long time series prevent the GCM’s from being run at a high 
resolution. For regional impact studies it is therefore necessary to downscale to a higher 
spatial resolution. The regional climate model (or RegCM for short) takes into account local 
effects on the climate such as mountains, lakes and other surface physiographies. There are 
several different techniques for downscaling GCM’s. Statistical downscaling is a method that 
develops statistical relationships between local and large-scale climate variables. These 
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relations are then applied to the output of GCM simulations. The dynamical downscaling 
interprets the time dependant physical interactions between the global and the regional 
climate. The technique of using output data from GCM simulations, as initial and driving 
lateral meteorological boundary conditions for the RegCM simulations, are called one-way 
nesting modelling (e.g. Giorgio (1990) & Giorgio et al (1994)). It is one-way because the 
local conditions in the high-resolution model are not fed back to the GCM. 
 
 
RCA 
 
RCA, the Rossby Centre regional Atmospheric climate model, is a regional downscaling for 
Scandinavia. The Rossby centre at SMHI has developed RCA as a part of SWECLIM 
(Swedish Regional Climate Modelling Programme). RCA builds on the limited area model 
HIRLAM, which is used for weather forecasting. A description of the first version of the 
model is given by Rummukainen et al (1998). The version used in this work has a resolution 
of 88 km compared to 44 km in the first version. The first multi year simulation with the 
regional climate model (RCA) was run in 1998 with HadCM2-boundary data. In 1999 they 
also started using ECHAM4-boundary data.  
 
 
3 Material and Methods 
 
This chapter gives a brief overview of the material used along with a description of the 
analyses done to achieve the purpose of this work as outlined in the Introduction. A more in 
depth description of the regional climate model and the two GCM’s used for boundary 
conditions were given in the chapters above (2.4.1 and 2.4.2). 
 
 
3.1 Data 
 
The analysed data consists of geostrophic wind and the sea level pressure (slp) from the RCA 
model. The RCA model runs have been forced with boundary data from both the HadCM2 
model and the ECHAM4 model. The first run uses HadCM2 boundary data with a 10-year 
control run and a 10-year scenario run. The other run uses ECHAM4 boundary data with a 10-
year control run and a 10-year scenario run. 
 
The control run of the HadCM2 model is run with the pre-industrial level of greenhouse 
gases. The scenario run of the HadCM2 model is run with an increase in greenhouse gas 
concentration according to measurements from 1860-1990 and 1-percent increase after 1990. 
Both the control and scenario run of the HadCM2 model extends from 1860-2100. The RCA 
is forced with a time slice, extending from 2039-2049, from the HadCM2 control and scenario 
runs. This is illustrated in figure 3.1. In the HadCM2 scenario run time slice the greenhouse 
gas concentration is 2.5 times higher and the global mean temperature 2.6°C warmer 
compared to the control time slice. If one takes these values and projects them from the 
present (the control run equals the pre-industrial level and not the present) into the future, 
these values would equal the IPCC’s estimate for approximately the year 2100. 
(Rummukainen et al, 1998). 
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Figure 3.1 a (left) and b (right) show the time-slices from the scenario and control run for HadCM2 (a) and for 
ECHAM4 (b) (Rummukainen et al, 1998) 
 
 
ECHAM4 has a scenario run but no control run. Instead the 10-year time slice for the RCA 
control run was taken from the beginning of the ECHAM4 scenario run before the increase in 
greenhouse gases. Figure 3.1 b) is a figure that has been manipulated from figure 3.1 a) in an 
attempt to show this. 
 

 
Figure 3.2 Map showing the location of the grid points in the North Sea profile (x) and the Swedish profile (o). 
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I chose to extract data for two different profiles. Each profile contains 26 grid points from 
north (grid point 26) to south (grid point 1). The first profile goes through the Norwegian Sea 
and then down through the North sea (Ns for short), the other through Sweden and down 
through Germany (Sw for short). Figure 3.2 shows the position of the grid points in a map 
over Europe. The co-ordinates in lat/long for each grid point can be found in appendix I. Each 
grid point contains data from 4 times per day at a 6-hour interval starting at 00UTC Dec01, 
year 0 to 18UTC Nov30, year 10. Each month is exactly 30 days long. The grid points have a 
resolution of 88km. 
 
 
3.2 Analyses 
 
In all analyses, a study of the climate change has been made as well as a comparison between 
and also within the North Sea and the Swedish profiles. Also the different results resulting 
from the use of the HadCM2 model versus the ECHAM4 model as boundary conditions have 
been examined. The software that has been used for the analysis is Matlab (student version). 
Minitab 12.21 has been used for the statistics. Matlab and also Excel have been used for 
making graphs. 
 
The resultant geostrophic wind vector and the wind direction were calculated from the 
westerly and southerly geostrophic wind components (equation 4). The changes in wind 
direction were analysed for 3 different areas of the profile. These areas were selected based on 
their position in the profile. The northern most area is in the middle of the Nowegian Sea in 
the Ns profile (mean of grid points 19-21) and on the Norwegian coast in the Sw profile 
(mean of grid points 20-22). The middle most area is off the Norwegian coast in the Ns 
profile (mean of grid points 12-14) and in the middle of Sweden in the Sw profile (mean of 
grid points 13-15). The southern most area is situated between England and Denmark in the 
Ns profile (mean of grid points 6-8) and around Skåne in the Sw profile (mean of grid points 
7-9).       
 
The yearly mean and the monthly mean of the geostrophic wind and the sea level pressure 
were analysed in order to get an overview of the effects of the atmospheric greenhouse effect 
on the seasonal and yearly variations. The seasonal variation was the first to be analysed by 
calculating one mean value per month and decade for all 26 grid points. This monthly mean 
value was then subtracted from each grid point for each respective month for the whole 10-
year period. This anomaly value makes it easier to analyse the differences within the profile 
without interference from the natural seasonal variability. The yearly mean was analysed by 
calculating one yearly mean value for each year and profile.    
 
The zonality is the difference in pressure between the northern and the southern most grid 
points (the difference between the mean pressure of grid points 24-26 and 1-3). The zonality 
was calculated separately for each season, winter (Dec-Feb), spring (March-May), summer 
(June-Aug) and autumn (Sep-Nov).    
 
Also the grid point pattern of the frequency of lowest pressure was examined. For each 
observation (4 times per day) the grid point that has the lowest pressure was found. The 
frequency of lowest pressure for each grid point during the decade was then calculated as well 
as the frequencies of lowest pressure during summers and winters respectively. A comparison 
between control and scenario run makes it possible to analyse the changes in the regional 
atmospheric pressure distribution due to an enhanced greenhouse effect. 
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To study changes in the intensity of the storm climate the 95 and 99 percentiles of the 
geostrophic wind was calculated. Both the yearly mean as well as the monthly mean of the 
percentiles was examined. The percentage of wind speeds above 20 and 25 m/s was also 
investigated to look for seasonal changes in storminess and in the intensity of strong winds. A 
wind speed of 20 m/s is a wind strength of 8 (17.2 – 20.7 m/s) in the Beaufort wind scale 
which represent a gale wind. 25 m/s is a wind strength of 10 (24.5 – 28.4 m/s), which is the 
lowest boundary for storm winds (Korevaar, 1990). The percentage of winds above these 
values was calculated separately for each season- winter, spring, summer and autumn.   
 
To discover the atmospheric greenhouse effect on the geostrophic wind speed, the climatic 
change, in other words the control minus the scenario run, was calculated. Both the monthly 
mean and the yearly mean of the climate change were calculated.  
 
 
3.2.1 Statistics 
 
A balanced ANOVA (a variance analysis) was calculated on the monthly mean values for 
both the geostrophic wind and the sea level pressure in order to find any statistical differences 
between the scenario and the control runs. Differences between the two profiles (Sweden and 
the North Sea) were also checked as well as difference between the runs forced with data 
from the HadCM2 model and the ECHAM4 model. Because of the large amount of data being 
analysed, the variance analysis was made on the monthly mean values of three selected areas 
of the profile. These areas are the same as for the wind direction analysis. For the Ns profile 
the three selected areas are the mean of grid points 19-21, 12-14 and 6-8. For the Sw profile 
the mean of grid points 20-22, 13-15 and 7-9 was used. 
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4 Result 
 
4.1 Sea level pressure 
 
4.1.1 Yearly mean 
 
A clear trend in figure 4.1 is that the yearly mean value is lower in the scenario run than in the 
control run. The difference in the yearly mean value between scenario and control runs 
averaged over the whole decade in the 8 boxplots varies between 0.3 to 0.7 hPa. The run 
using ECHAM4 boundary data (ECHAM4 run) clearly shows higher yearly values than the 
run using HadCM2 boundary data (HadCM2 run). The standard deviation for the ECHAM4 
runs varies between 0.75 and 1.67 hPa compared to between 0.82 and 1.23 hPa for the 
HadCM2 run. Also the control for the ECHAM4 runs has a higher standard deviation than the 
scenario, the opposite is true for the HadCM2 runs. 
 

Figure 4.1 Yearly mean sea level pressure for the North Sea (a) and the Swedish (b) profile. 
 
Next a test was carried out to find any statistically significant differences between the 
scenario run and the control run. The variance was tested using an F-test. A difference in 
variance was found between the scenario and control run in the ECHAM4 runs for both 
profiles; a 2-sample T-test was used for these runs. For the HadCM2 runs in both profiles no 
difference in variance was found and a Mann-Whitney test (a non-parametric test of the 
medians of two samples) was used instead. The resulting p-values can be seen in table 4.1 and 
4.2. No significant difference between the control and scenario runs could be found. 
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Table 4.1 p-values from the Mann-Whitney test    Table 4.2 p-values from the 2-sample T-test  
at alpha = 0.05  
 p-value   p-value 
HadCM2 Ns 0.211  ECHAM4 Ns 0.52 
HadCM2 Sw 0.570  ECHAM4 Sw 0.33 
 
 
 
4.1.2 Monthly mean 
 
In both control runs for the Ns profile (figure 4.2 and 4.3) the seasonal variation is very 
distinct with its highest pressure in summer (April-July) and lowest pressure in winter (Nov-
Feb). In the two scenario runs this trend is still visible but not as distinct. In the Sw profile 
(figure 4.4 and 4.5) the seasonal distribution shows more variation in both the control and 
scenario runs. Only the HadCM2 control run shows any seasonal distribution, with the highest 
pressure in summer (April-June) and lowest pressure in winter (Nov-Feb). One common 
factor in the monthly mean for both the Ns and Sw profile is that the scenario runs all have 
lower yearly mean pressure value (the difference is less than 1 hPa) than the control run (see 
the dashed lines in figures 4.2-4.5). The Sw profile has a higher mean pressure value than the 
Ns profile, in the order of 1-2 hPa. The anomalies (figures c) and d) in figure 4.2-4.5) all 
shows the highest anomalies in the southern most grid points, especially during winter and 
spring and the largest negative anomalies in the northern most grid points. In other words the 
southern most grid points have higher monthly mean pressure than the northern most grid 
points. The pressure difference between Ns and Sw is largest in winter and spring, and lowest 
in summer. 
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Figure 4.2 The top two graphs (a and b) shows the monthly mean sea level pressure for the North Sea profile for 
the ECHAM4 control and scenario run respectively. The dashed line shows the mean value. Under each 
respective graph is another graph (c and d) showing the deviation from the monthly mean sea level pressure for 
each month and grid point. 
 

Figure 4.3 The top two graphs (a and b) shows the monthly mean sea level pressure for the North Sea profile for 
the HadCM2 control and scenario run respectively. The dashed line shows the mean value. Under each 
respective graph is another graph (c and d) showing the deviation from the monthly mean sea level pressure for 
each month and grid point. 
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Figure 4.4 The top two graphs (a and b) shows the monthly mean sea level pressure for the Swedish profile for 
the ECHAM4 control and scenario run respectively. The dashed line shows the mean value. Under each 
respective graph is another graph (c and d) showing the deviation from the monthly mean sea level pressure for 
each month and grid point. 

Figure 4.5 The top two graphs (a and b) shows the monthly mean sea level pressure for the Swedish profile for 
the HadCM2 control and scenario run respectively. The dashed line shows the mean value. Under each 
respective graph is another graph (c and d) showing the deviation from the monthly mean sea level pressure for 
each month and grid point. 

 

D J F M A M J J A S O N
1010 
1011 

1012 
1013 

1014 

1015 
a) monthly  mean (Ectrl)

hP
a  

month 
D J F M A M J J A S O N 1010

1011

1012

1013

1014

1015
b) monthly  mean (Escen) 

hP
a  

month

-20

-10

0

10

20

y ear 

gr
id

 p
oi

nt
 

c) dev iation f rom the mean (Ectrl)

1 2 3 4 5 6 7 8 9 10

5 
10 
15 
20 
25 

-20 
-10 

0 

10 

20 

y ear

gr
id

 p
oi

nt
 

d) dev iation f rom the mean (Escen) 

1 2 3 4 5 6 7 8 9 10 

5

10

15

20

25

Sweden 

 

D J F M A M J J A S O N
1009 
1010 
1011 
1012 
1013 
1014 
1015 

a) monthly  mean (Hctrl)

hP
a  

month 
D J F M A M J J A S O N 1009

1010

1011

1012

1013

1014

1015
b) monthly  mean (Hscen) 

hP
a  

month

-20

-10

0

10

20

y ear 

gr
id

 p
oi

nt
 

c) dev iation f rom the mean (Hctrl)

1 2 3 4 5 6 7 8 9 10

5 
10 
15 
20 
25 

-20 
-10 

0 

10 

20 

y ear

gr
id

 p
oi

nt
 

d) dev iation f rom the mean (Hscen) 

1 2 3 4 5 6 7 8 9 10 

5

10

15

20

25

Sweden 



Agneta Andersson   The wind climate of northwestern Europe mars 2001 

 22

 
4.1.3 Grid point frequency of lowest pressure 
 
Decadal average 
 
The grid point with the highest frequency of lowest pressure during the 10-year period is the 
northernmost grid point (26). An interesting feature in figure 4.6 is that the HadCM2 run for 
the Ns profile shows an increased frequency of lowest pressure in the scenario run in the 
northernmost grid points and a decrease in the southernmost grid points compared to the 
control run. This pattern is also present in the other Ns run as well as in both runs for the Sw 
profile (not shown).  
 

 
 
Summer and winter mean 
 
The distribution of the frequency of lowest pressure between the different grid points during 
summer and winter are not very different from the decadal averages. The grid point with the 
highest frequency of lowest pressure is still the northernmost grid point. The tendency 
towards an increase in the frequency of lowest pressure in the north and a decrease in the 
south in the scenario run compared to the control run is still there. The two exceptions are the 
frequency of lowest pressure during summer in the Sw profile for the ECHAM4 run and the 
frequency of lowest pressure during winter in the Ns profile for the HadCM2 run. These two 
graphs (figure 4.7 and 4.8) instead shows an increase in the scenario run compared to the 
control run in most grid points in the south as well as in the north. 
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Figure 4.6 The grid point distribution of the frequency of lowest sea level pressure during a decade in the 

North Sea profile for the HadCM2 run. The left column shows the control run, the right the scenario run. The 
same pattern of distribution is also seen in all other runs for either profile. 
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4.1.4 Zonality 
 
A common feature in the zonality, as can be seen in the box plots in figures 4.9 and 4.10, is 
that there is an increase in the zonality in the scenario run compared to the control run. 
Autumn is the season that shows the largest increase between the control and scenario runs, 
this increase varies between 4 and 7 hPa, the highest difference being when using ECHAM4 
runs and the smallest when using HadCM2 runs. Also the increase is 1 hPa higher in the Ns 
than in Sw profile. The rest of the year the increase varies between 1 and 4 hPa, with the Ns 
profile showing the highest increase. The zonality shows the smallest standard deviations in 
summer. The largest standard deviations can be found in the winter season. Other than that the 
standard deviation does not show any noticeable differences, neither between the runs nor 
between the profiles. 
 
 

Sw Ech

0
5

10
15
20
25
30
35

1 3 5 7 9 11 13 15 17 19 21 23 25

grid points

%

Sw Ectrl
Sw Escen

 
Figure 4.7 The grid point distribution of the frequency of lowest sea level pressure during summer in the 
Swedish profile for the ECHAM4 run. The left column shows the control run, the right the scenario run. 
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Figure 4.8 The grid point distribution of the frequency of lowest sea level pressure during winter in the North 

Sea profile for the HadCM2 run. The left column shows the control run, the right the scenario run. 
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Figure 4.9 Box plots of the zonality for the 4 different seasons for the North Sea profile. 
 

Figure 4.10 Box plots of the zonality for the 4 different seasons for the Swedish profile. 
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Table 4.3 p-values from the Mann-Whitney test  
at alpha=0.05. Significant value in bold letters.  
 P-values 
ECHAM4 Ns 0.038 
HadCM2 Ns 0.623 
ECHAM4 Sw 0.427 
HadCM2 Sw 0.791 

4.2 Geostrophic wind 
 
4.2.1 Yearly mean 
 
The yearly mean wind speed, as can be viewed in the box plots in figure 4.11, is higher in 
ECHAM4 than in HadCM2 in both profiles. The wind speeds are higher (in the order of 1 
m/s) in the Ns profile than in the Sw profile. The scenario run in the Ns profile has slightly 
higher yearly mean values than the control run. In the Sw profile the ECHAM4 model shows 
a tendency towards a small (less than 0.5 m/s) reduction in wind speed whereas HadCM2 run 
shows a small (less than 0.5 m/s) increase in wind speed.   
 

Figure 4.11 Yearly mean geostrophic wind speed for the North Sea (a) and the Swedish (b) profile. 
 
 
A statistical test was conducted to see if there are any significant differences between the 
scenario and control runs. The Mann-
Whitney test, a non-parametric test that 
requires equal variances, was chosen when 
all of the runs in figure 4.11 were found to 
have equal variances using the F-test. The 
resulting p-values from the test can be 
seen in table 4.3. Only the ECHAM4 run 
for the Ns profile was found to have a 
significant difference between the scenario 
and the control run at a 95% confidence interval.  
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Figure 4.12 The top two graphs (a and b) shows the monthly mean geostrophic wind speed for the North Sea 
profile for the ECHAM4 control and scenario run respectively. The dashed line shows the mean value. Under 
each respective graph is another graph (c and d) showing the deviation from the monthly mean wind speed for 
each month and grid point.  

Figure 4.13 The top two graphs (a and b) shows the monthly mean geostrophic wind speed for the North Sea 
profile for the HadCM2 control and scenario run respectively. The dashed line shows the mean value. Under 
each respective graph is another graph (c and d) showing the deviation from the monthly mean wind speed for 
each month and grid point. 
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Figure 4.14 The top two graphs (a and b) shows the monthly mean geostrophic wind speed for the Swedish 
profile for the ECHAM4 control and scenario run respectively. The dashed line shows the mean value. Under 
each respective graph is another graph (c and d) showing the deviation from the monthly mean wind speed for 
each month and grid point. 

Figure 4.15 The top two graphs (a and b) shows the monthly mean wind speed for the Swedish profile for the 
HadCM2 control and scenario run respectively. The dashed line shows the mean value. Under each respective 
graph is another graph (c and d) showing the deviation from the monthly mean wind speed for each month and 
grid point. 
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4.2.2 Monthly mean 
 
The seasonal variation, with highest wind speeds in winter (Dec – Feb) and autumn (Sep – 
Nov) and a minimum in wind speed during the summer (June – Aug), is very clear in figures 
4.12 - 4.15 for both the Ns and Sw profile. The ECHAM4 run has slightly higher amplitude 
(about 1-2 m/s) compared to the HadCM2 run in both profiles. The scenario and the control 
are very similar and there doesn’t appear to be any major changes between them, except for a 
trend toward a lower wind speed in December in the scenario. This trend can be found in both 
profiles. From figures 4.14 c) and d) and 4.15 c) and d) it is evident that the highest wind 
speeds in the Sw profile is experienced by the northernmost grid points (grid points 20-23) in 
winter. The Ns profile shows a more even distribution between north and south.  
 
 
4.2.3 Change (scenario-control) 
 
The yearly mean change in wind speed in figure 4.16 shows large intra decadal variability. 
There is a trend towards a very small increase in wind speed in both models for the Ns profile 
but a decrease for the Sw profile when running the model with ECHAM4 boundary data. The 
HadCM2 run for the Sw profile shows a small increase in wind speed due to the greenhouse 
effect (less than 0.2 m/s), but with a large variability. From the seasonal variation in figure 
4.17 there is a trend towards a reduction in wind speed (0.7 – 1.5 m/s) during December. The 
Ns profile shows a small increase in wind speed (~0.5 m/s) the rest of the year, except for a 
decrease in May and June with HadCM2. The Sw profile shows no clear trend toward either a 
decrease or an increase in wind speed during the remaining months of spring or during 
summer. Early autumn shows a modest increase in wind speed (~0.5 m/s).  
 

Figure 4.16 Yearly mean climate change (scenario – control) of the geostrophic wind speed.   
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Figure 4.17 Monthly mean climate change (scenario – control) of the geostrophic wind speed.  
 
 
 
4.2.4 Wind direction 
 
The wind direction for 3 locations (north, middle and south) in the North Sea profile can be 
seen in the wind roses in figures 4.18 and 4.19. There is a clear distinction between the wind 
direction in the north and south in all runs. In the south the dominating wind directions are 
from the west and southwest. In the north and also in the middle of the profile the dominating 
wind direction is from the south and southwest. A common feature in these wind roses is the 
increase in the frequency of southwesterly and westerly wind directions in the scenario run 
(the three wind roses at the bottom of each figure). This increase is accompanied with a 
decrease of the frequency of north, northeast, east and southeast wind directions in the north 
and middle of the profile as well as in the south in the HadCM2 run. In the south (the 
rightmost wind roses) in the ECHAM4 run there is little change in the frequency of wind 
directions from the north, northeast, east and southeast.    
 
The frequency of different wind directions for 3 locations (north, middle and south) in the Sw 
profile can be seen in figures 4.20 and 4.21. The northern part of the Sw profile are dominated 
by a wind from the south, the middle is dominated by wind from the southeast and also from 
the southwest except for the HadCM2 control run. In the southern most past of the Sw profile, 
the winds come mainly from the west and in the HadCM2 run also from the southeast. In all 
wind roses for the scenario runs in the Sw profile there is an increase in the frequency of 
northwesterly and westerly winds. The south, southeast and easterly wind direction shows a 
decrease in the scenario run compared to the control run.  
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Figure 4.18 Wind direction in the north, middle and south (mean of grid points 19-21, 12-14 and 6-8 
respectively) of the North Sea profile for the ECHAM4 run. Each of the dashed rings in the wind rose represents 
a frequency of 500 values. The top three wind roses are from the control run, underneath each of these are their 
respective scenario run. 

Figure 4.19 Wind direction in the north, middle and south (mean of grid points 19-21, 12-14 and 6-8 
respectively) of the North Sea profile for the HadCM2 run. Each of the dashed rings in the wind rose represents a 
frequency of 500 values. The top three wind roses are from the control run, underneath each of these are their 
respective scenario run. 
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Figure 4.20 Wind direction in the north, middle and south (mean of grid points 20-22, 13-15 and 7-9 
respectively) of the Swedish profile for the ECHAM4 run. Each of the dashed rings in the wind rose represents a 
frequency of 500 values. The top three wind roses are from the control run, underneath each of these are their 
respective scenario run. 

Figure 4.21 Wind direction in the north, middle and south (mean of grid points 20-22, 13-15 and 7-9 
respectively) of the Swedish profile for the HadCM2 run. Each of the dashed rings in the wind rose represents a 
frequency of 500 values. The top three wind roses are from the control run, underneath each of these are their 
respective scenario run. 
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4.2.5 Percentiles 
 
The yearly mean of the percentiles can be seen in figure 4.22. There is a clear difference 
between the ECHAM4 and HadCM2 runs. ECHAM4 clearly has larger values than HadCM2, 
in the order of 2-3 m/s. The Ns profile shows a tendency towards higher yearly mean 
percentiles in scenario compared to control, especially when looking at the 95 percentiles. In 
the Sw profile there is no noticeable increase in the percentiles between control and scenario 
in the HadCM2 run. In the ECHAM4 run for the Sw profile there is a decrease in percentile 
values between control and scenario. The monthly variation of the 95 and 99 percentiles can 
be found in figure 4.23. ECHAM4 clearly has larger seasonal amplitude than HadCM2. 
ECHAM4 shows higher percentiles (both 95 and 99) in winter than HadCM2, but smaller 
percentiles in summer. The differences between control and scenario are small in all four 
graphs.  
 

 

Figure 4.22 Box plots of the yearly variation of the geostrophic wind percentiles. The top two graphs (a and b) 
show the 95 percentiles and the bottom two (c and d) the 99 percentiles. To the left (a and c) are the percentiles 
for the North Sea profile and to the right (b and d) for the Swedish profile. 
 

Ectrl Escen Hctrl Hscen

18

20

22

24

26
a) 95 percentiles (Ns)

m
/s

Ectrl Escen Hctrl Hscen

18

20

22

24

26
b) 95 percentiles (Sw)

m
/s

Ectrl Escen Hctrl Hscen
22

24

26

28

30

32

c) 99 percentiles (Ns)

m
/s

Ectrl Escen Hctrl Hscen
22

24

26

28

30

32

d) 99 percentiles (Sw)

m
/s



Agneta Andersson   The wind climate of northwestern Europe mars 2001 

 33

Figure 4.23 The monthly variation of the 95 (top two graphs) and 99 (the two graphs on the bottom) percentiles 
of the geostrophic wind. To the left (a and c) are the percentiles for the North Sea profile and to the right (b and 
d) for the Swedish profile.  
 
 
4.2.6 Seasonal variation in the intensity of strong winds and storms 
 
Figures 4.24 – 4.27 shows the seasonal variation of the highest wind intensities, in the form of 
percentages of wind speeds exceeding 20 or 25 m/s. Winter is clearly the dominating season 
for strong winds and storms, followed by autumn and spring. The difference between the 
ECHAM4 and HadCM2 runs is largest during winter followed by autumn. This difference 
with larger seasonal amplitude in the ECHAM4 run was also observed in the monthly 
analyses of the 95 and 99 percentiles in figure 4.23. There is an increase in figures 4.24 and 
4.26 between the control and scenario runs during autumn in the Ns profile. Though the 
difference is larger in figure 4.24, which shows the percentage of winds over 20 m/s. Winter 
shows a small decrease in wind intensity, but only when using the ECHAM4 run. The other 
seasons for the North Sea profile shows little change between scenario and control runs. The 
Sw profile shows an increase between control and scenario during autumn, but only in the 
HadCM2 run in figure 4.25 (percentage of winds over 20 m/s). The ECHAM4 run shows a 
decrease in the percentage of winds over 20 and 25 m/s during winter in the Sw profile.   
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Figure 4.24 Percentage of geostrophic winds over 20 m/s in winter, spring, summer and autumn for the North 
Sea profile. 
 
 

Figure 4.25 Percentage of geostrophic winds over 20 m/s in winter, spring, summer and autumn for the Swedish 
profile. 
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Figure 4.26 Percentage of geostrophic winds over 25 m/s in winter, spring, summer and autumn for the North 
Sea profile. 
 

Figure 4.27 Percentage of geostrophic winds over 25 m/s in winter, spring, summer and autumn for the Swedish 
profile. 
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4.3 Statistics 
 
4.3.1 Variance analysis  
 
The results from the balanced ANOVA analysis on the monthly values of the sea level 
pressure and the geostrophic wind can be seen in table 4.4. The table only shows the result of 
the following 3 variables: Model (HadCM2 or ECHAM4), Area (North Sea or Sweden) and 
Run (control or scenario). Other combinations were also calculated (Model*Area, 
Model*Run, Area*Run, Model*Area*Run) but no statistically significant differences could 
be found. The p-values for the geostrophic wind (right hand columns of table 4.4) shows 
clearly that the variables with a statistically significant variance at a 95 % confidence interval, 
are the Model and the Area. These result points at a significant difference between the two 
models used for boundary data as well as between the two profiles, but no significant 
difference between the Runs.   
 
 

 
The p-values for the sea level pressure (table 4.4) on the other hand show a very high 
correspondence between the Models in the northern part of the profile, whereas in the south 
there is absolutely no correlation between the Models. The two Areas show a significant 
difference in the northern and middle part of the profile, but no significant difference can be 
found in the south. The only location with a statistically significant difference between the 
Runs is in the north. In the middle and south there are no significant difference between the 
Runs, but the low values suggests there being a larger difference than between the Runs at the 
same locations in the geostrophic wind analysis. 
 
 
5 Discussion 
 
5.1 The atmospheric pressure distribution 
 
The simulated monthly mean sea level pressure is higher in summer than in winter, which 
corresponds well with the real pressure situation in Europe. Also the pressure difference 
between north and south (the zonality) being largest in winter indicates the domination of the 
Icelandic low-pressure system in that season. The monthly mean sea level pressure shows 
very little seasonal variation over Swedish and northern Germany compared to over the North 
Sea and the Norwegian Sea. A reason for this is the influence of the Scandinavian Mountains 
and local/regional scale effects of the land surface heterogeneity.  
 
The two scenario runs (using HadCM2 and ECHAM4 boundary data respectively) are well in 
agreement about the effect of an increased CO2 concentration on the atmospheric pressure 
distribution. Both the increased frequencies of low-pressure “passages” in the northern parts 

Table 4.4 p-values from the ANOVA analysis. Significant values are in bold letters. 
 Sea level pressure Geostrophic wind 
variables north middle south north middle south 
Model 0.990 0.133 0.000 0.028 0.001 0.000 
Area 0.000 0.000 0.486 0.000 0.000 0.000 
Run 0.000 0.113 0.057 0.326 0.679 0.640 
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of both profiles, along with an increased zonality suggest a deepening of the Icelandic low-
pressure centre. An increased meridional pressure gradient has also been found in other 
studies of the effects of climatic change, for example by Carnell et al (1996). The increase in 
the frequencies of northerly low-pressure centres is very likely related to the downstream 
intensification of the Atlantic storm track due to en enhanced greenhouse effect as found by 
for example Beersma et al (1997) & Lunkeit et al (1998).  
 
 
5.2 Regional changes in the wind circulation 
 
The seasonal variation of the geostrophic wind speed shows very little variation within the 
North Sea profile. The northernmost grid points in the Swedish profile have slightly higher 
wind speeds in winter than compared to the rest of the profile. This is most likely an effect of 
these being coast grid cells. The seasonal variation with lowest wind speed during summer 
and higher wind speed during winter and autumn is well in agreement with the real wind 
situation over Europe. Autumn and winter are the seasons that bring us the highest 
frequencies of storms, which naturally give these seasons a higher monthly mean wind speed. 
There is clearly a significant difference between the monthly mean geostrophic wind values of 
the North Sea profile and the Swedish profile.  
 
There is an overall trend towards a reduction of the wind speed during winter and a modest 
increase of the wind speed during autumn in both profiles. But these are not statistically 
significant.  
 
The yearly mean values only showed significant change between the control and scenario runs 
in the North Sea profile when modelled using ECHAM4 boundary data. This change is in the 
form of an increase in the annual mean geostrophic wind speed of 0.2 m/s. When using 
HadCM2 boundary data there is also an increase in the North Sea profile due to climatic 
change. This increase is of about the same magnitude (0.2 m/s) as when using the other 
model, but the increase is not statistically significant. The increase in wind speed in the North 
Sea profile is most noticeable during autumn (especially in October), showing an increase of 
around 0.5-1.0 m/s. The higher value being when using ECHAM4 boundary data. This 
increase is likely to be a consequence of the increase in the meridional pressure gradient, 
which is mostly expressed in autumn.  
 
The Swedish profile also shows a small but statistically non-significant increase in yearly 
mean wind speed when using HadCM2 boundary data. The statistically non-significant 
decrease in yearly mean wind speed in the Swedish profile as seen when using ECHAM4 
boundary data, is most likely because the large decrease in December (1.5 m/s) totally offsets 
the increase in wind speed (up to 0.5 m/s) during the rest of the year. That the increase in 
wind speed is smaller in the Swedish than the North Sea profile can be explained by the fact 
that the meridional pressure gradient increase is smaller over The Swedish profile.  
 
Winds from the west and southwest are common in southern Scandinavia throughout most of 
the year. This compares well with my analyses of the wind directions. The model shows an 
increased frequency of westerly winds due to the enhanced greenhouse effect, this will mean 
that northwestern Europe (mainly England, Denmark, Sweden and Norway) will experience 
an increased maritime climate. Combined with a low frequency of northern winds this will 
bring less severe winters. The increased frequency of northwesterly and westerly winds 
combined with a decrease in the south, southeast and easterly winds over Sweden will, 
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according to Jönsson & Fortuniak (1995), bring lower annual temperatures. Because of the 
increased maritime influence on the climate this implies cooler summers ahead as a 
consequence of a doubled concentration of CO2 in the atmosphere. 
 
 
5.3 Changes in the intensity of strong winds  
 
In the North Sea profile there is a tendency towards an increase in the intensity of gale winds 
and also of storm winds on a yearly mean basis. This increase is mostly expressed during 
autumn. In the run using ECHAM4 boundary data a trend towards a reduction in wind 
intensity can be found in winter. When using the other model as boundary data no change 
could be detected during winter. Contrary to my results the WASA Group (1998) found a 
weak increase in storm activity during winter in the North Sea, when studying 10% 
exceedence values of 10-m surface winds from a high-resolution climate change scenario. The 
North Sea constitutes most of the southern part of my North Sea profile. Though they found a 
decrease in the area covered by the northern part of my North Sea profile. I have not done any 
studies on the distribution over the profiles of the change in wind speed though, since the 
deviation from the monthly mean wind values showed little variation over the profile. Several 
studies, among them Ulbrich & Christoph (1999) & Beersma et al (1997) has found an 
increase in storm track activity over Europe during winter. This correlates well with the 
deepening of the Icelandic low-pressure centre in this area as I have found in my analysis. 
Ulbrich & Christoph (1999) found a positive correlation between the intensification of the 500 
hPa storm track over northern Europe and higher NAO values. Thus an increase in storm 
track strength can be related to an increase in the meridional pressure gradient. An increased 
pressure gradient leads to stronger winds thus causing an increase in the air – sea fluxes, 
which enforce the baroclinicity. The increased growth of baroclinic waves due to the enforced 
baroclinicity means larger storm track activity. The relationship between the storm track 
activity and the pressure gradient can also explain why I found the increase in storm intensity 
during autumn since this season is the time of year that shows the highest increase in zonality 
due to the increased greenhouse warming. 
  
A small increase in the intensity of gale winds in early autumn was found in the Swedish 
profile when using HadCM2 boundary data. But I found no increase in the intensity of storm 
winds over Sweden due to an enhanced greenhouse effect. When running the model with 
ECHAM4 boundary data, there is instead a decrease in the winter intensity of storm and gale 
winds over Sweden. A decrease in wind intensity over Sweden is in agreement with the 
results of the WASA Group (1998) who also found a decrease over most of Sweden due to the 
greenhouse effect when looking at the 10% exceedence values of 10 m wind speeds. South of 
Sweden and the Baltic Sea though, they found an increase in wind intensity. 
 
 
5.4 Human and environmental impacts 
 
Even a modest increase in the intensity of storm winds as found over the North Sea and the 
Norwegian Sea could have an impact on human activities and also on the environment. Most 
impacts from strong winds and storms are secondary. For example people that spend a lot of 
time at sea like for example fishermen or in offshore industries, are deeply influenced by the 
large waves generated by storms. These waves also cause damage on beaches and coastal 
areas when they encounter land. Storms also cause a lot of damage on houses and business, a 
rise in storm and/or gale intensity will lead to a large increase in storm damage (Dorland et al, 
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1999). Though a lot of this increased damage is due to population and economic growth, 
increased storm intensity is naturally an important factor that can substantially increase the 
economic losses after a storm.   
 
The environment is also influenced by changes in the wind strength. Of specific interest to 
humans is the damage to forest. The forest industry loses a lot of money when storms fell 
trees in planted forests. Franzen et al (1991) found a connection between the increased 
frequency of gales and the increased damage to coniferous forests on the Swedish West Coast. 
Spruce is very sensitive to salt deposition and western gales bring with them marine aerosols, 
which are deposited on the vegetation. The increased frequency of gales over the coastal 
continental areas as found when using HadCM2 boundary data, combined with increased 
westerly wind flow, and would worsen the conditions for the coniferous forests in the future.  
 
 
5.5 How good/ reliable are the results 
 
The goal when creating and running a climate model is naturally to achieve a climate that is as 
realistic as possible. Theoretically it is not possible to take into account every process that 
occur in nature and it is therefore important to remember that no matter how complex a model 
is, it is still only a simplified view of the real climate system (Trenberth, 1997). The reliability 
of the regional climate scenario in SWECLIM very much depends on the GCM used for 
boundary conditions. Any uncertainties in the GCM are inherited into the regional model. 
 
In all calculations that were made, a large difference was easily detected when comparing the 
models using HadCM2 and ECHAM4 boundary data. This difference was most of the time 
larger than between the control and scenario runs. This was clearly demonstrated with the 
ANOVA-test, whose result can be seen in table 4.1. Only when comparing the pressure as 
modelled in the northern part of the two profiles could a high correlation be found between 
the two models. This is clearly a sign saying that there is still a lot of work needing to be done 
to improve the results of climate models.  
 
To achieve a higher reliability in the results a higher resolution than the 88 km used here 
would be desirable along with a longer time series than 10 years. According to Rummukainen 
et al (1998) a 20 km resolution is desirable for regional impact studies. It also would have 
been interesting to make a comparison between the model data analysed and the real observed 
data, to get a picture of how realistic the results of this analysis really is. 
   
 
6 Summary 
 
•  I found a change in the large-scale atmospheric pressure circulation due to an enhanced 

greenhouse effect. This change takes the form of an increased meridional pressure 
gradient, which suggests a deepening of the Icelandic low-pressure centre. 

•  There is a significant increase in the yearly mean geostrophic wind speed due to the 
climatic change in the North Sea and the Norwegian Sea when using ECHAM4 boundary 
data. This increase is in the magnitude of 0.2 m/s. The change when using HadCM2 
boundary data is of the same magnitude but is not a statistically significant increase. The 
increase in geostrophic wind speed is linked to the increase in the meridional pressure 
gradient.   
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•  The yearly mean geostrophic wind speed over Sweden and northern Germany shows a 
small (less than 0.2 m/s) increase in wind speed between the control and scenario runs 
when running the model with boundary data from the HadCM2 model. When using 
ECHAM4 for boundary conditions the yearly mean geostrophic wind shows a decrease of 
about –0.2 m/s due to the climatic change. None of these changes are statistically 
significant. 

•  There is a trend, though not a statistically significant one, towards a decrease of the wind 
speed in December and an increase in autumn of the mean geostrophic wind speed over 
northwestern Europe due to the greenhouse effect.  

•  The model shows an increase in the frequency of westerly winds. This means that 
northwestern Europe can come to experience an increased maritime influence on the 
climate as a result of a global warming.  

•  The model shows a future increase of the yearly mean intensity of storms and also of gale 
winds over the North Sea and the Norwegian Sea. This increase is mostly expressed in 
autumn. In winter there is a decrease in the intensity of strong winds when using 
ECHAM4 boundary data. I also found an increase in the intensity of gale winds on a 
yearly mean basis over Sweden when using the HadCM2 model as boundary data. When 
using ECHAM4 boundary data, the model showed a decrease in the winter intensity of 
storm and gale winds over Sweden.  
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Appendix I 
 
 

 
 Coordinates for the grid points of the two profiles through Sweden and the North Sea 

 
 Profile through Sweden Profile through North Sea 
Grid point Long Lat Long  Lat 
26 14.38°E 70.33°N 1.26°W 70.57°N 
25 12.97°E 69.32°N 0.05°W 69.88°N 
24 13.69°E 68.56°N 1.08°E 69.19°N 
23 14.35°E 67.80°N 0.31°E 68.11°N 
22 13.07°E 66.80°N 1.34°E 67.41°N 
21 13.70°E 66.04°N 0.59°E 66.33°N 
20 14.30°E 65.28°N 1.54°E 65.63°N 
19 14.86°E 64.51°N 0.81°E 64.55°N 
18 13.69°E 63.51°N 1.69°E 63.85°N 
17 14.23°E 62.75°N 2.53°E 63.14°N 
16 14.75°E 61.98°N 1.81°E 62.07°N 
15 13.66°E 60.98°N 2.59°E 61.36°N 
14 14.16°E 60.22°N 1.91°E 60.28°N 
13 14.64°E 59.46°N 2.64°E 59.57°N 
12 13.63°E 58.45°N 3.35°E 58.86°N 
11 14.09°E 57.69°N 2.68°E 57.78°N 
10 14.54°E 56.93°N 3.35°E 57.07°N 
9 13.60°E 55.92°N 3.99°E 56.35°N 
8 14.03°E 55.16°N 3.34°E 55.28°N 
7 14.45°E 54.40°N 3.95°E 54.56°N 
6 13.57°E 53.39°N 4.55°E 53.84°N 
5 13.97°E 52.63°N 3.92°E 52.77°N 
4 14.37°E 51.87°N 4.49°E 52.05°N 
3 13.55°E 50.86°N 5.04°E 51.33°N 
2 13.93°E 50.10°N 4.44°E 50.26°N 
1 14.31°E 49.34°N 4.97°E 49.54°N 
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