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Abstract 

 
High average wind speeds have been measured in many valleys. The reasons for these 
high winds are channelling effects of two physical origins, forced channelling and 
pressure driven channelling. In this study, the MIUU-model, a three-dimensional 
mesoscale model with a higher order closure, has been used to investigate these 
effects in idealised valleys. The simulations have been performed in both two- and 
three-dimensions with a multitude of conditions. The valley dimensions, as depth, 
width and length, have been changed in order to investigate the flow within the valley. 
The dependence of strength and direction of the geostrophic wind have also been 
examined. Most of the simulations are performed for wintertime conditions at high 
latitudes with low roughness. In addition, simulations representing summertime 
conditions are made to check the influence of the diurnal variation of incoming 
radiation and thermal stability. 

In the two-dimensional simulations the mean wind speed along the valley is found to 
be independent of the magnitude of the geostrophic wind (at least up to 10 ms-1) if the 
large-scale flow is perpendicular to the valley. In this case, only the pressure driven 
channelling effect is of importance. When the geostrophic wind is higher than  

10 ms-1, the valley winds are coupled to the ambient flow and gravity waves are 
affecting the results. The mean and maximum wind speeds are found to be a function 
of the valley depth. In a valley with a water body (a lake) at the bottom, the 
simulations gave higher within valley winds for lower water temperatures, which 
increases the stability.  

In the three-dimensional simulations, it is shown that the maximum valley winds are 
almost independent of the valley length. However, the mean valley wind speed is 
more affected. Furthermore, it was found that close to the area where the valley 
widens - towards the region with lower synoptic pressure - a wind maximum is found 
in all simulations.   

A simulation of the Torneträsk area was made to investigate the flow in a real 
topography. With geostrophic wind perpendicular to the valley, high wind speeds 
occur at low levels in accordance with measurements. For the conditions used, 
channelling effects dominated the within valley flow.  

 

 

 

 



Sammanfattning av ”Modellering av vindklimatet i bergsdalar genom att 
använda MIUU-modellen”. 

 

Höga medelvindhastigheter har blivit uppmätta i många dalgångar. Skälen till att 
dessa vindar kan uppkomma är två olika kanaliseringstyper, tryckdriven - och tvingad 
kanalisering. I den här studien så har MIUU-modellen använts för att undersöka dessa 
effekter i olika typer av idealiserade dalgångar. Modellen är tredimensionell och 
använder sig av ett högre ordningens schema för att sluta ekvationssystemet rörande 
de turbulenta parametrarna. Simuleringarna har gjorts både i två och tre dimensioner 
med en mängd olika ingångsvärden. Dalgångens dimensioner, såsom djup, bredd och 
längd har ändrats och resultaten har jämförts för att kunna kartlägga vindfältet. 
Effekter av styrkan och riktningen på den geostrofiska vinden har också undersökts. 
De flesta simuleringarna är genomförda med vinterförhållanden på höga latituder och 
med låga värden på skrovligheten. Simuleringar med värden som ska representera 
sommarförhållanden, beträffande den inkommande strålningen och den termiska 
stabiliteten, är gjorda för att undersöka vindens dygnsvariation. De tvådimensionella 
simuleringarna ger att medelvinden längs dalgången är i det närmaste oberoende av 
den geostrofiska vinden styrka om den är riktad vinkelrätt mot dalen. I detta fall är 
bara tryckdriven kanalisering av betydelse. När den geostrofiska vinden är högre än 
10 ms-1 blir vinden i dalgången mer direkt påverkat av gravitationsvågor som bildas 
över dalgången. Det är också framkommit att det finns ett beroende mellan max-
medelvind och daldjup. I en dalgång med en en sjö i botten uppträder högre 
vindhastigheter speciellt för lägre vattentemperaturer. 

I de tredimensionella simuleringarna kan det ses att maxvinden är i det närmaste 
konstant oberoende dalgångslängd. Medelvinden däremot är mer påverkad och blir 
högre ju längre dalgången är. En annan slutsats som kan dras från de tredimensionella 
simuleringarna är att ett vindmax återfinns i anslutning till att dalgångens bredd 
ändras. Maximat är lokaliserat mot den sida av förträngningen som har ett lägre 
synoptiskt tryck.  

Simuleringar av Torneträskområdet är gjorda för att se hur vindfältet ser ut i verklig 
terräng. Med den geostrofiska vinden vinkelrät mot dalgången så uppträder höga 
vindhastigheter på låg nivå i dalgången vilket också är sett i mätningar. Under de 
simulerade förhållandena så dominerade kanalisering strömningen i dalgången. 
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1. Introduction 

High average wind speeds have been measured in many valleys, e.g. the Suorva area 
and the Torneträsk area in northern Sweden (Smedman and Bergström, 1995, 
Smedman et al., 1996 and Bergström and Källstrand, 2000). They are due to a variaty 
of physical reasons, including local topography effects. In the earlier works, pressure 
driven channelling and forced channelling is mentioned to be the responsible physical 
origins explaining these winds (Smedman and Bergström, 1995). Pressure driven 
channelling is originally described to occur in sea level channels (straits) in the lee of 
high mountains (Overland and Walter, 1981). In Wipperman (1981), effects of 
channelling are clearly seen in the measurements, which are performed in the Upper-
Rhine valley. This valley is 30 km wide and the mountains on both sides reach up to 
about 300 m above bottom of the valley. Wipperman (1981) concludes that it is 
surprising that such a flat and extremely broad valley causes a remarkable 
channelling. Whiteman and Doran (1993) showed through both measurements and 
numerical simulations that channelling effects are important to determine the within 
valley wind climate. They concluded that pressure driven channelling is expected to 
be the dominant mechanism in valleys under conditions where influence of downward 
momentum transport and thermal wind mechanisms are minimised. They also 
concluded that this occurs in shallow but well channelled, linear valleys in 
climatological regimes with moderate above valley winds and slightly or moderately 
stable atmospheres. In Bergström and Källstrand (2000), the authors find evidence for 
high winds caused by channelling effects in the Suorva area. Measurements along and 
across the valley were performed to examine the wind climate. Great differences can 
be seen in the area due to influences from the local terrain. For example, Ritsem 
shows much lower values of the annual mean wind speed than Suorva, located in the 
same valley (Bergström and Källstrand, 2000). An interesting question is then which 
topography or valley configurations that can give rise to high wind speeds in a 
mountain area. The topography together with the geostrophic, or large-scale, wind is 
probably the most important factors, and their influences on the wind climate in 
valleys are investigated in this paper.  

One method to examine this is to use a meso-scale model. In this study, the so-called 
MIUU-model (Enger, 1990) has been used. This model is developed at the 
Meteorological Institution, Uppsala University (MIUU-model). This model has earlier 
been used in several studies concerning complex terrain. Enger, Koracin and Yang 
(1993) used the model to simulate the boundary-layer dynamics around Lake Mohave 
in the Colorado River Valley. In these simulations, they used both two- and three-
dimensional simulations to explain different events that occurred in the valley. Enger 
and Grisogono (1998) used the model to simulate a Bora event over the eastern 
Adriatic coast in two-dimensional simulations. Smedman et al. (1996) simulated the 
local wind field over a frozen lake in a mountainous area (Torneträsk area) in three-
dimensional simulations.  

In the present paper, both two- and three-dimensional simulations are performed. In 
most of the simulations, a very simple topography is selected so that the particular 
phenomena could be in focus. A multitude of simulations are performed varying the 
input parameters, as geostrophic wind, thermal stratification, valley dimensions, and 
with or without lakes at the valley bottom. Most of the simulations are carried out for 
wintertime conditions at latitude 68.5°. The high latitude in combination with the 
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winter conditions mean that incoming short-wave radiation is of small (negligible) 
size. The snow that is covering the area about seven months of the year effectively 
reflects the small amount received at the surface of the earth. This means that the 
effects of topography and other non-diurnal parameters can be examined without 
disturbances. In addition, however, simulations where the diurnal variation is 
effecting the within valley climate are carried out. 

 

2. The MIUU Mesoscale Model 

The model used in this study is the so-called MIUU model (Enger, 1990). It is a three-
dimensional, hydrostatic, non-linear meso-scale model with terrain following co-
ordinates. It uses a higher order turbulence closure scheme of level 2.5. This means 
that the model has prognostic equations for the mean variables: wind component in 
east-west direction, u, the wind component in north-south direction, v, the potential 
temperature, θ , and the specific humidity, r, as well as for twice the turbulent kinetic 
energy (TKE), q2. The other parameters are treated diagnostically. The model also 
includes a radiation scheme that calculates the surface temperature and humidity 
trough an energy balance equation at the surface. The energy balance equation 
includes a vegetation layer. The model is described in detail in Enger (1990) and 
Andrén (1990). 

2.1 BASIC EQUATIONS 

A terrain following co-ordinate system is used (Pielke, 2002). The vertical co-ordinate 
is then defined as 
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g

zs
zz

s
−
−

=η ,         (2.1) 

 

where s is the height of the model top, z the height above ground and  is expressed 
as: 

gz

 

0zdhzg ++= ,        (2.2) 

 

where h is the terrain height, d is the zero displacement and  is the surface 
roughness length. Thus, the co-ordinate system is roughly following the terrain close 
to the surface and gradually transforming into horizontal at the model top. 

0z
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The basic equations of motions for the mean horizontal wind components u and v are 
transformed into the new co-ordinate system using tensor analysis (Pielke, 2002) and 
take on the following form: 
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where f is the Coriolis parameter, Ug and Vg are the geostrophic wind components, θ  
is the potential temperature, and  is the turbulent exchange coefficient for 
momentum. 

mK

The prognostic equations for potential temperature and humidity are given by: 
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where  is the turbulent exchange coefficient for heat and specific humidity, HK rσ  is 
the radiative heating/cooling rate, here equal to zero. In Eq. (2.6) it is supposed that 
we have no phase change for the water vapour. 

The total derivative is given by: 
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∗w  is the vertical component in the terrain following co-ordinate system. 

The vertical velocity is calculated from the continuity equation, which for the terrain 
following co-ordinate system reads as follows: 
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The Cartesian vertical velocity can be calculated from: 
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In equation (2.3) and (2.4) is: 
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which is called the Exner function (also named scaling pressure), where p is the 
pressure,  a reference pressure (usually =1000 hPa),  the specific heat for 
air at constant pressure and  the gas constant for dry air. 

00p 00p pc
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In a  hydrostatic model, as the present, the pressure is taken from the hydrostatic 
equation. In the terrain following co-ordinate system it takes the following form: 
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This equation is only valid if the terrain slope in the model is much less then 45°, i.e.  
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2.2 TURBULENT CLOSURE 

The present version of the MIUU-model contains a higher order turbulence closure 
scheme according to Mellor and Yamada (1974). The turbulent kinetic energy, 22q , 
is calculated from: 

 

λ
θβ

ηηη
λ

η B
qwgvwvuwu

zs
sqEq

zs
s

dt
dq

gg

32
2

2 222 −′′+







∂
∂′′−

∂
∂′′−

−
+








∂
∂

∂
∂












−
= ,(2.12) 

 

 8



where β  is the coefficient of thermal expansion, λ  a turbulent length scale (=mixing 
length) which is diagnostically calculated in every time step. E  and B  are empirical 
closure constants and 
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The first term on the right hand side of Eq. (2.12) is the turbulent transport forces, the 
second term is the shear production, the third is the buoyancy production and the 
fourth term is the dissipation. The left-hand side of Eq. (2.13) denotes turbulent fluxes 
for momentum and left-hand side of Eq. (2.14) denotes turbulent flux for heat. 

Dissipation is parameterised in terms of the turbulent kinetic energy q2/2 and the 
length scale λ : 
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In the model, the problem of expressing the unknown terms as a function of the 
second order moments and mean quantities reduces to formulating a dependence on 
the length scale λ . An accurate formulation of the length scale is the main problem of 
second-order schemes. For formulations of the length scale, see Enger (1990) and 
Andrén (1990). 

The turbulent exchange coefficients for momentum and heat,  and , are 
finally calculated as functions of , 

MK HK
2q λ , η∂∂u , η∂∂v  and ηθ ∂∂  (Andrén, 1990).  
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3. Theory  

3.1 STABLY STRATIFIED AIRFLOW IN COMPLEX TERRAIN 

The degree of stratification, but also the obstacle dimensions and the upwind velocity 
profile (Barry, 1992) determine the nature of stratified flow over or around an 
obstacle. The degree of stratification can be expressed in terms of obstacle height H 
and stratification frequency N (Brunt –Väisälä frequency) together with the speed of 
the undisturbed flow Vg (geostrophic wind) which gives the dimensionless Froude 
number: 
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g is the acceleration of gravity, θ  is the mean potential temperature in the layer, θ  is 
the potential temperature and z is height above ground. The Brunt-Väisälä frequency 
is the frequency with which an air parcel oscillates vertically after being disturbed by 
an obstacle. This sets an upper limit to the possible wave frequency. More stably 
stratification leads to a higher frequency. 

If   stratification effects are important, the smaller , the more important these 
effects are (Cushman–Roisin, 1994). The vertical wavelength 

1<rF rF
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(Enger and Grisogono, 1997). 
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3.2 FLOW REGIMES IN MOUNTAIN VALLEYS 

Four different mechanisms can be put forward for being of importance for the wind 
climate in mountain valleys (Whiteman and Doran, 1993), see Figure 3-1:  

 

• Forced channelling. 

• Pressure driven channelling. 

• Thermal forcing. 

• Downward momentum transport. 

 

These four mechanisms produce distinct relationships between the geostrophic wind 
direction and the within valley wind direction. 
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Figure 3-1.  Four mechanisms that produce distinct relationships between the geostrophic wind 
direction and the within valley wind direction. The four mechanisms are (from left to right) pressure 
driven channelling, forced channelling, thermal forcing and downward momentum transport. The 
valley is assumed to run from west to east. The figure is redrawn according to Whiteman and Doran 
(1993). 

 

Pressure driven channelling and forced channelling are the most important 
mechanisms explaining the wind climate in mountain valleys (Smedman and 
Bergström, 1996) in the present investigation. 

Thermal forcing and downward momentum transport is likely to influence the wind 
field during the summer months. The thermal forcing is here east during day and west 
during the night as we suppose the valley is in west-east direction and is descending 
eastward.  
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3.2.1 Forced Channelling 
Under near neutral or unstable conditions downward momentum transport of the 
strong flows aloft can lead to the fact that the flow is channelled trough the valley.  
Forced channelling often occurs in the late morning when the nocturnal inversion has 
been destroyed. This results in an abrupt increase in wind speed and gustiness in the 
valley. Although forced channelling is strongest when the wind is blowing parallel 
with the valleys along axis, it can even affect the valley wind climate when it is 
blowing at an angle to the valley, see Figure 3-2. If the effect is dominant, wind 
changes by 180° can occur very fast.  

 

 

Figure 3-2. Forced channelling occurs when the upper winds are brought down into valleys from aloft 
and turned to flow along the valleys axis. (Adapted from Whiteman, 2000) 

 
In cases where the flow is stable or very stable and forced through a relative narrow 
pass or a similar feature in the terrain, high wind speed can occur due to the Bernoulli 
effect. This happens when the flow is accelerated through a pass or a gap in the 
terrain. The phenomenon is more likely to affect the wind in mountain passes and 
gaps at high elevation than in low-lying areas within a valley (Whiteman, 2000).  

3.2.2 Pressure Driven Channelling 
Pressure driven channelling or gap winds (Overland and Walter, 1981) is a 
phenomenon that is rather common in valleys in mountainous areas. The combination 
of large-scale synoptic forcing, the surrounding topography and low roughness can 
lead to the formation of very strong local winds near the ground. In contrast to forced 
channelling (Section 3.2.1) pressure driven channelling is strongest when the along 
valley pressure gradient is strongest. Winds resulting from pressure driven 
channelling are always blowing from the high-pressure end of the valley towards the 
low-pressure end. It is not dependent on the time of the day but rather on the location 
of the synoptic highs and lows relative to the valley, see Figure 3-3. 
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Figure 3-3. In pressure driven channelling, wind blows along the valley axis from the high-pressure 
end of the valley towards the low-pressure end. In a) the wind blows down the valley, in b) the wind 
blows up the valley and in c) the along valley pressure gradient is negligible so that no pressure-driven 
channelling occurs. (Adapted from Whiteman, 2000) 

 

Pressure driven channelling is often seen in valleys where the diurnal mountain winds 
are weak. In the mountain valleys in northern Sweden, this is probably the case for a 
large part of the year. High latitude in combination with topography is favourable for 
pressure driven channelling, which is clearly seen in the observations presented by 
Bergström and Källstrand (2000). It arises when the large-scale geostrophic flow is 
more or less perpendicular to the valley. When this happen an imbalance appears in 
the equation of motion (Eq. 2.3). This means that the Coriolis force cannot balance 
the pressure force within the valley (Wipperman, 1983) and the wind accelerates.  

The physics behind the phenomenon can be described in a simpler way. When the 
large-scale flow in the free atmosphere is in geostrophic balance everything is nice 
and predictable. However, when an obstacle like an ‘inverted mountain’ i.e. a valley 
disturbs the flow the balance is no longer valid within the valley. In the geostrophic 
description, the pressure- and Coriolis forces are balancing each other. When the flow 
is hitting an obstacle, the Coriolis force no longer can affect the flow within the 
valley. The reaction force to the pressure force is no longer the Coriolis effect, it has 
now been replaced by the inertia term + the friction force which together are much 
smaller in magnitude. This means that in situations with low roughness and stable 
conditions, the gap winds in some cases can become super-geostrophic with a 
direction along the valley from higher towards lower pressure. It can be described as a 
shortcut to smooth the inequalities in the pressure field along the valley. The 
simulations in two-dimension show, with the assumption of an infinitely long valley, 
the gap winds can be as large as three times the geostrophic wind speed.  
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3.2.3 Thermal Forcing 
In thermal forcing, the diurnal variation of solar radiation plays an important role. The 
within valley winds are not dependent on the wind directions above the valley but are 
generated by locally developed pressure gradients. Different heating of the terrain in 
the valley produces these winds. Such locally driven thermal wind systems produce 
up-valley winds at daytime and down-valley winds at nighttime. They are commonly 
observed in areas with large diurnal cycles in surface sensible heat fluxes, especially 
under conditions when the ambient winds are weak (Whiteman and Doran, 1993). In 
the latitude where the most of the simulations are performed (N 68.5°), this 
phenomenon is of less importance, especially during the winter when the ground is 
snow-covered (Smedman et al., 1996) and the incoming short-wave radiation is 
relatively low due to the high latitude.  

3.2.4 Downward Momentum Transport 
Downward momentum transport requires a strong turbulent coupling between the 
flow within the valley and the flow above the valley. Hence, for downward 
momentum transport, wind directions within the valley are similar to the geostrophic 
wind direction aloft. This strong turbulent coupling is expected to be most likely for 
unstable and neutrally stratified conditions in wide flat-bottomed valleys with low 
sidewalls (Whiteman and Doran, 1993). In such valleys, thermally driven winds 
would be less likely to develop, and channelling along the valley axis by the valley 
sidewalls, would be relatively ineffective. Downward momentum transport can also 
be caused by gravity waves (Whiteman and Doran, 1993). 

 

4. Idealised Two-dimensional Simulations 

4.1 MODEL SET-UP 

In the two-dimensional simulations, the whole model domain is 640 km in the 
horizontal and 10 km in the vertical. The domain is resolved with 111 ×  29 grid-
points with the finest resolution in the centre, and near the surface, 1 km in the 
horizontal and 2 m in the vertical, as this is where the area of interest is located. The 
coarsest resolution at the upper lateral boundaries, is 28 km ×  761 m. After some 
sensitivity tests a telescoping grid was chosen in order to reduce the influence of the 
lateral boundaries, which may propagate into the area of interest, see Section 4.2. The 
time step is chosen to 6 s in all simulations and the total simulation time is 48 hours 
starting at 0600 LST (Local Standard Time). All results, if nothing else is stated, are 
taken at the end of the simulation period, and thus correspond to the simulated 
conditions at 0600 LST. The major part of the two dimensional simulations were 
carried out with a plateau, 500 m high, on both sides of the valley (see Figure 4-1), 
hence referred to as a reference topography. The valley slopes are described by a sine 
function to give a smooth transition from the bottom to the plateau. The slope 
extension is 5 km on each side of the valley in the reference topography. The valley 
width (vw) is varying from 4 km in the reference topography, up to 32 km in the 
study. Other topographic features were also simulated see Section 4. 4. 

 14



−10 −8 −6 −4 −2 0 2 4 6 8 10
0

200

400

600

800

1000

1200

1400

1600

1800

he
ig

ht
 z

 (
m

)

south − north, y (km)

vw 

sw 

ph 

Topography 

 

Figure 4-1. Vertical cross section. In this figure the dimensions are: valley width (vw) 4 km, slope 
width (sw) 5 km and plateau height (ph) 500 m. This configuration is hence referred to as reference 
topography. Other values of the parameters are also used. The slope is described by a sine function. 

 

The geostrophic wind is in all simulations 10 m s-1 and directed from north except 
when it is changed in Section 4.3.1. and 4.3.2. The roughness parameter z0 is chosen 
to 0.002 m, which corresponds to a natural snow surface (Högström and Smedman, 
1989), if no other value is stated. The time of the year, when nothing else is stated, is 
Julian day 15, e.g. 15 January. This time is chosen because the steady state solution is 
of interest. Most of the simulations are made at high latitudes with f=1.4 10-4s-1. 
During wintertime at these latitudes with snow cover, the daily incoming radiation is 
negligible. 
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Figure 4-2. a) The winter profile b) The summer profile  

 

The initial background stratification used in the simulations are for winter cases 
according to Figure 4-2a and for summer case Figure 4-2b. The profiles are taken 
from Klimathandbok för förvarsmakten (1975) and corresponds to climate averages 
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estimated from radiosound data. They are referred to as winter profile respective 
summer profile. 

At the lower boundary, temperature, roughness length, and height above sea level, 
have to be specified at each grid point. 

4.2 SIMULATION WITH NO TOPOGRAPHY 

These simulations were performed to check that no numerical problems were 
introduced to the model simulations. For this purpose, a flat terrain was chosen in the 
sensitivity tests. The surface has a roughness of z0=0.002 m. The model grid was 
chosen equidistant, except near the borders where it was telescopic. The grid range 
stretched from –57 to 57 km in y-direction (south - north). Some problems did, 
however, occur during the simulation runs. When wind directions from west and east 
were chosen (perpendicular to the two-dimensional grid), some wave disturbances 
occurred over the entire area. They arose first after 6 hours of simulation time 
(1200 LST) and then grew and gave results that cannot be explained by atmospheric 
physics see, Figure 4-3a. 
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Figure 4-3. The potential temperature field (°C) after 48 hours of simulation in the sensitivity tests.  a) 
The grid is from south to north and is 114 km with equidistant grid. b) Telescoping 640 km grid is used. 
Geostrophic wind is 10 m s-1 from 270° (perpendicular to the grid).  

 

The explanation to this phenomenon is numerical problems with reflection against the 
lateral boundaries. There is no advection along the grid, y-direction, which means that 
waves can almost undisturbed propagate in the grid. The problem disappeared when a 
geostrophic wind with a non-perpendicular direction in relation to the model grid was 
chosen. 

However, these results were not satisfying and tests with another semi-telescopic grid 
were performed. This grid is equidistant between –20, 20 km, and telescopic out to 

320 km (total 111 grid points). Using this grid gave much better results and the 
wave disturbances vanished immediately, see Figure 4-3b. 
±
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The latter telescopic grid much better takes care of non-physical numerical problems. 
Waves cannot propagate back into the centre of the model and are destroyed by the 
unequal grid resolution. The telescoping grid is acting like a numerical filter. 

4.3 INFLUENCE OF DIFFERENT PARAMETERS IN A SIMPLE VALLEY  

In the two-dimensional simulation, the model treats the valley, as if it was infinitely 
long in the west-east direction, which of course is never true in reality. Thus, one has 
to be careful when using the results for real valleys with limited lengths. These cases 
will be discussed in Section 5. The main purpose of the two-dimensional tests is to 
simulate pressure driven channelling - also called gap wind - and forced channelling 
and their dependence on valley dimensions and geostrophic wind etc. Several 
simulations were made with a multitude of different conditions.  

The pressure driven mechanism and its dependence on the geostrophic wind speed is 
discussed in Section 4.3.1. In this simulation, the geostrophic wind is perpendicular to 
the valley. In Section 4.3.2, the forced channelling effect is introduced to the valley. 
This mechanism and its co-operation with pressure driven channelling will be 
discussed here. In Section 4.3.3 – 4.3.8. is the influence of other parameters, such as 
background stratification, within valley stratification, land use, roughness lengths and 
valley dimensions examined. 

4.3.1 Magnitude of the Geostrophic Wind  
To be able to study the effect of pressure driven channelling alone, the geostrophic 
wind direction is chosen to be perpendicular to the valley. The terrain that is used in 
these simulations is the reference topography described in Section 4.1. The 
background stratification is the winter profile, described in Section 4.1. Simulations 
were made for geostrophic wind speeds between 1 and 21 m s-1. The mean value are 
taken over the whole cross section up to the plateau height (ph), see Figure 4-1. The 
mean values and max values presented, only represent the u-component within the 
valley.  

The results from these simulations are shown in Figure 4-4. As can be noted from the 
figure, both the mean and the maximum wind speed in the valley (below plateau 
height, 500m) were almost constant from 1 m s-1 to 10 m s-1 geostrophic wind. An 
explanation to why the model gives high ageostrophic wind speeds also for low 
values of the geostrophic wind can be found by a closer look at the governing 
equations. 
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Figure 4-4. The u-component (along valley)  versus the geostrophic wind speed. The geostrophic wind 
direction is 0°.  

 

Assuming that we within the valley have a steady state 0=
dt
du and v and w are 

negligible Eq. (2.3) can be simplified to 

 

constfV
z
uK

z g ==







∂
∂

∂
∂         (4.1) 

 

This means that for these assumptions there is a balance between the vertical diffusion 
and the pressure terms.        

Integration of Eq. (4.1) two times with respect to z gives and by supposing K is a 
constant: 

 

K
zC

K
zfV

uu g 1
2

0 2
++=         (4.2) 

 

 

where the integration constants, u0 and C1, have to be determined. At surface (z=z0) 
and at a certain height above the surface (H) the u-component is zero. Observe that 
somewhere above the valley the wind is perpendicular to the valley. This gives u0=0 
and 

 

21

HfV
C g−=           (4.3) 
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With these constants Eq. 4.2 can be written as: 

 

( Hzz
K

fV
u g −=

2
)          (4.4) 

 

The extreme value for u is received for z=H/2 which means: 

 

K
HfV

u g

8

2

max −=          (4.5) 

 

For small roughness lengths and in a large range of V  values, u  (see 
Högström and Smedman, 1990) and by supposing K is proportional to the friction 
velocity, can Eq. (4.4) be written as 

g gV∝∗

 

)(2 HzzCfu −⋅⋅= ,       (4.6) 

 

where C2 =Vg/(2K) is a constant. 

 

4

2
2

max
fHCu −= .        (4.7) 

 

for the along valley wind u we get: 

 

6
)()(1 2

2

00

2 fHC
dzHzz

H
fC

dzzu
H

u
HH

mean −=−== ∫∫ .    (4.8) 

 

Comparing Eq. (4.7) and (4.9) gives a simple relation between umax and umean: 

 

meanuu ⋅= 5.1max          (4.9) 

 

This relation should hold for all geostrophic wind speeds – if Vg is proportional to K 
– which is in excellent agreement with the simulation results, see Figure 4-4. 
According to Eq. (4.8) the mean wind speed in the valley should be a constant. This 
can be seen in Figure 4-4 that this feature holds up to a geostrophic wind speed of  
7 m s-1.  
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What could be the explanation why the wind is not constant for higher values at the 
geostrophic wind? Can it be another physical process causing this wavelike feature? 

For higher geostrophic wind speeds, the within valley wind climate are coupled to the 
ambient flow. This happens according to Pielke (2002) when Fr≥ 1.6. Depending on 
the magnitude of the geostrophic wind, a standing wave is created above the valley, 
see Figure 4-5. According to Eq. (3.3), the flow dynamics is depending on the 
background stratification and the wind speed. The maximum and minimum that are 
clearly seen in the valley are probably due to resonance between the governing 
parameters - obstacle height, geostrophic wind speed and the large-scale stratification. 
Depending if a wave maximum or minimum is situated at the lower boundary – the 
surface - we get a higher or lower ageostrophic flow within the valley not only 
depending on the geostrophic wind speed. When the geostrophic wind is 10 m s-1 the 
background Froude number is Fr≈1.3 and for the case where the ambient geostrophic 
wind is 15 m s-1 the value of Fr≈2.  

An example is seen in Figure 4-5 where the flow pattern above the valley is 
examined. In Figure 4-5a where the geostrophic wind is 15 m s-1, a maximum is 
located within the valley causing higher wind speeds than in the case where the 
geostrophic wind is 17 m s-1, see Figure 4-4.  
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a)      b) 

Figure 4-5. South – north cross sections for the mean wind speeds (m s-1). The geostrophic wind 
direction is 15 m s-1 from 0° in Figure a) and in Figure b) 17 m s-1 from 0°. 

 

In Figure 4-5b, the whole wave pattern is transported downstream and wind speed 
minimum is affecting the wind climate within valley giving lower values at the along 
valley component. The wavy variation in the mean wind for geostrophic winds larger 
than 10 m s-1 can be related to the influence of tropospheric gravity waves, that affects 
the within valley wind climate. 

4.3.2 Geostrophic Wind Direction 
By using the geostrophic wind directions that are not perpendicular to the valley, 
besides pressure driven channelling we also introduce forced channelling, see Figure 
4-6. In this case, the two channelling effects will co-operate when the geostrophic 
wind is coming from a direction between >270° and <360°. They will counteract for 
geostrophic winds is from >0° and <90°. 
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Figure 4-6. The effect of channelling in a west - east oriented valley. The thick lines represent the 
valley boundaries, whereas thin lines represent isobars. L denotes lower and H higher pressure.  F is 
the forced channelling component of the geostrophic wind. C is the pressure driven channelling 
component.  

 

Several simulations have been made with different geostrophic wind directions. The 
topography chosen for these simulations was the reference topography with the valley 
axis directed from west to east. The geostrophic wind direction is changed from 270° 
(west) in steps of 10° over north to 90° (east) degrees - in total 19 simulations. The 
results are all taken after 48 hours of simulation, at 0600 LST. The background 
stratification is the winter profile described Section 4.1. The wind speed in the valley 
is highly dependent on the synoptic pressure field defined to the model as a 
geostrophic wind. The balance between the different dominant forces, resulting in 
pressure driven channelling and forced channelling, is clearly seen in Figure 4-7. It 
can also be stated that the pressure driven channelling effect is dominant, giving a 
within valley mean wind speed that is positive to a geostrophic wind direction up to 
60°. For this direction, the flow within the valley is almost directed against the 
ambient geostrophic flow. This wind direction gives rise to both forced channelling 
and pressure driven channelling, counteracting each other. The mean u-component 
wind speed through the valley is only 0.2 m s-1. Koracin and Enger (1993) saw this 
effect in their simulation of the Colorado River Valley. Maximum wind speed 
(u-component), along valley, occurs when the geostrophic wind direction is about 
290°-300° (-70° to –60° in Figure 4-7). With the geostrophic wind 10 m s-1, maximum 
wind speed within the valley is 21.4 m s-1 and mean wind speed is 15.2 m s-1 for 
geostrophic wind direction 290°.  
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Figure 4-7. The magnitude of the u-component (along valley) plotted versus the geostrophic wind 
direction. The within valley maximum, minimum and mean wind speed are presented. F+C denotes the 
co-operation between forced channelling, F, and the constant wind speed, C, that was found in Section 
4.3.  

 

An interesting feature is that when the wind direction changes from 290° (-70°) to 
280° (-80°) the wind speed (mean and max) abruptly decreases within the valley due 
to the decrease of pressure driven channelling decreases. The peak value that appears 
around 300° (-60° in Figure 4-7) is due to the co-operation between pressure driven 
channelling and forced channelling. It seems like the balance between the two 
dominant channelling forces acting on the flow in the valley finds a maximum and a 
minimum around ±60° from the cross-valley axis (south - north). If  the along valley 
component of the geostrophic wind, F, is added to the constant wind speed C, found 
in Section 4.3.1, the curve fits the mean wind speed curve well, see Figure 4-7. When 
geostrophic wind directions about –80° are chosen the agreement disappear. When 
cross sections are studied for similar wind directions it seems like the maximum wind 
speeds are situated at the plateau above the valley. The pressure driven channelling 
affects the whole valley in positive u-direction from 270° to 30°. This can be seen 
because the min-values are not less then zero for directions <30°. 

4.3.3 Large-scale Stratification 
The importance of the background stratification, given in the initialisation profile of 
potential temperature, is examined in this section. The background Froude number is 
used as a reference for each simulation. The topography used here has the dimensions: 
the plateau height (ph) 1000 m, the slope width (sw) 10 km and the valley width (vw) 
10 km (see Figure 4-1). The geostrophic wind speed is 6, 10 and 14 m s-1 and the 
direction is in all cases perpendicular to the valley. 

With Fr≤ 1, stratification effects are important, the smaller Fr, the more important 
these effects are (Cushman–Roisin, 1994). Five different simulations are performed. 
In the reference run, the values in Eq. 3.1 (see Section 3.1) are chosen to correspond 
to Fr = 1: Vg 10 m s-1, N 0.01 s-1 and H 1000 m (ph, plateau height). The results are 
presented in Table 4-1. 
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Table 4-1. The mean and max within valley wind speeds (u-component) for different background 
Froude numbers. The Froude number is changed by temperature gradient or geostrophic wind speed, 
see Eq. 3.1. 

Fr Pot. temp. gradient (°C m -1 ) Wind speed (m s -1 ) Mean (m s -1 ) Max (m s -1 )
0.6 0.0095 10 17.8 31.6
1 0.0029 10 12 23.2

1.4 0.0015 10 10.9 22
0.6 0.0029 6 12.5 23.2
1 0.0029 10 12 23.2

1.4 0.0029 14 12.7 24.4
 

 

The temperature gradient is then changed to present the given Froude numbers 0.6 
and 1.4. In the case where the wind is determine the Froude number, the wind speed is 
changed to 6 m s-1 and 14 m s-1. It can be clearly seen that the stratification effects 
have great impact on the results that are presented here. When the background 
stratification is changed from 0.003° K m-1 to 0.0095° K m-1 the simulation gives very 
high wind speeds for both mean -and maximum wind. Wind speeds along valley 
about 30 m s-1 are found, see Table 4-1. In the case, where the wind speed determines 
Fr the changes is not that significant. This is in line with the results in Section 4.3.1 
where the within valley wind was more or less constant independently of the strength 
of the geostrophic wind speed.  

This shows that the background Froude number can not be used as a governing 
parameter. Instead, one has to know both the stratification and the geostrophic wind 
speed. 

4.3.4 Diurnal Variation 
During the summer period, when the diurnal variation in radiation is more 
pronounced, the within valley wind climate is affected by downward momentum 
transport and thermal forcing, see Section 3.2. The channelling effects are being 
destroyed by turbulent mixing and/or gravity waves during unstable or neutral 
conditions (Whiteman and Doran, 1993). The simulation is performed with reference 
topography and the summer stratification, described in Section 4.1. The geostrophic 
wind is 10 m s-1 and 0°. The roughness in the entire area is 0.07 m representing a 
grass-covered surface (Högström and Smedman, 1989).  

The simulations clearly show, see Figure 4-8, that wind speeds in the along valley 
direction are decreasing from slightly super-geostrophic during the night to sub-
geostrophic during daytime. This is due to downward momentum transport (Section 
3.2.4) caused by the convection. Consequently, the ambient wind has a great impact 
on the flow within the valley when there is unstable stratification due to the positive 
inflow of radiation.  
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Figure 4-8. Time – height cross section for the mean wind speed (m s-1) at x = –2 km, i.e. just south of 
the valley centre. The start time is 1200 LST the first day, and the stop time is 0600 LST the third day, 
in total 42 hours of simulation.  

 

When the stratification changes from stable to neutral or unstable during the morning, 
the gap wind decreases in strength and during the day, the flow in the valley is mostly 
affected by thermal conditions within the valley. Immediately after sunset, a gap wind 
begins to form in the valley and give rise to high ageostrophic wind speeds within the 
valley with maximum winds during the early morning, 0400 LST (28 h). This gives a 
diurnal cycle of the wind climate in the valley. The abrupt change in wind speed, 
which is seen at about 32 h (0800 LST), happens when the gap wind that occurs 
during the late night/early morning is destroyed and being replaced by other flow 
regimes due to thermal forcing and downward momentum transport. 

4.3.5 Valley Lake 
Many valleys have a water body in the bottom of the valley. A water body can either 
be a lake or dam that dominates the entire valley, or a river with a supporting delta, 
affecting the within valley climate. In this runs, same topographical configuration as 
in Section 4.3.4 is used, besides that the values for surface roughness and temperature 
are representative for a surface of water is chosen for the flat area at the valley 
bottom. In the simulations with a water body in the valley, one can see that the air is 
stabilised and the diurnal variations are less developed than in the case with a grass 
cover in the whole model domain. 
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Figure 4-9. Time – height cross section for the mean wind speed (m s-1) at x = –2 km, i.e. just south of 
the valley centre. The start time is 1200 LST the first day, and the stop time is 0600 LST the third day, 
in total 42 hours of simulation. The valley bottom contains a water body. 

Both mean and max along valley wind speeds are higher than in the simulations with 
no water body in the valley. The maximum wind speed is noticed about 0800 LST and 
reaches values of 15.6 m s-1 (see Figure 4-9), while the corresponding value for the 
similar run without the water body is 9.1 m s-1. The maximum value is displaced in 
time for the runs with a water body. The highest wind speeds occur at 0800 LST for 
the water body simulations and 0400 LST for the simulations without waterbody. 
Comparing cases with and without a water body it could also be seen that the 
maximum wind speed in the valley is located at lower heights and more to the wind 
side (according to geostrophic wind direction) of the valley. This is probably due to 
the lower roughness of the water surface. 

In addition, the lake temperature is of importance, and simulations varying the 
temperature of the water body have therefore been performed. The conditions were 
the same as in the simulation showing the diurnal variation (Section 4.3.4) with the 
difference that the water temperature is changed from 8°C to 18°C. The maximum 
wind speed is of smaller magnitude in the case with a warm water body in the valley 
indicating that the stabilising effect of a cold water body is of importance. When the 
different simulations are plotted against each other Table 4-2, it is seen that the 
average along valley wind speed (u-component) is changing between the different 
conditions. 

Table 4-2. 24 hours average of the mean and max within valley wind speeds (u-component) for 
different water temperatures. The values for the simulation without water body is included. 

Water temp (°C) Mean (m s -1 ) Max (m s -1 )
8 4.6 9.6
10 4.4 9
12 4.4 8.8
14 4.3 8.2

16.1 4.3 7.7
18 4.1 7.2

no water body 3.9 5.9
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According to Table 4-2, it is a clear dependence between the maximum wind speed 
within valley and the water body temperature, showing that the stabilising effect of a 
water body can not be ignored. It is not only the lower roughness of the water surface 
that affects the wind speed, but also the changes in stratification within the valley. 

4.3.6 Valley Depth  
In this section the valley width (vw) and the slope width (sw), see Section 4.1, are kept 
constant during all simulations. Only the plateau height (ph) is changed from 10 m to 
1000 m, see Figure 4-10. The background stratification is the winter profile that is 
described in Section 4.1. The geostrophic wind is 10 m s-1 from 0°. When the plateau 
height is low, in this case lower than 200 meter, no super geostrophic wind appears in 
the along valley direction. Above 200 m height a jet is formed and the pressure driven 
channelling effects become stronger as the plateau height increases. To investigate if 
this could also be the result of steeper valley sides, simulations with different slopes 
have also been performed, showing no significant changes of the max and mean wind 
speeds within the valley. The slope width (sw) in the reference topography was 
changed from 5 to 15 km keeping the other parameters constant. The max wind speed 
for the former case is 15.6 m s-1 and in the latter 16.0 m s-1 with the mean wind speeds 
10.2 m s-1 and 10.0 m s-1 respectively. This indicates that the increase in wind speed is 
primarily due to the plateau height and not to the change in the slope angle. 
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Figure 4-10. The within valley u-component (along valley) versus the plateau height (ph). The 
geostrophic wind is 10 m s-1 from 0°. 

 

For plateau heights greater than 200 m there is an approximately linear relation 
between wind speed – both mean and maximum - and the plateau height, see Figure 
4-10. For these heights the relation found in Eq. (4.9) holds approximately. 
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4.3.7 Valley Width 
Simulations with varying valley widths were performed to check this topographic 
feature. The plateau height (ph) and slope width (sw) were constant in all four 
simulations, see Figure 4-1. The roughness was 0.002 m in the entire domain and the 
geostrophic wind was 10 m s-1 with the direction 0°. The winter profile describes the 
stratification.  
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According to the results presented in Table 4-3, it is more favourable for pressure 
driven channelling, the wider the valley is. An example is seen in Figure 4-11. 
Pressure driven channelling is often seen in shallow valleys where the diurnal 
mountain winds are weak (Whiteman, 2000). 

 

Table 4-3. Comparison between the valley width (vw) and mean and max within valley u-component. 

vw (km) Mean (m s -1 ) Max (m s -1 )
4 10.2 15.6
8 10.4 17
16 11 19.2
32 11.3 21.3

 

The phenomenon is also seen in the Upper-Rhine valley where the valley width is 30 
km and the mountains at both sides reach up to 300 m above the bottom of the valley 
(Wipperman and Gross, 1981).  
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a)      b) 

Figure 4-11. South – north cross sections for the u-components (m s-1). In a), the valley width (vw) is 4 
km and in b), the valley width is 32 km. 

 

4.3.8 Roughness 
In all of the simulations during the winter period, the roughness parameter was chosen 
to have the value of 0.002 m, representing a natural snow. For simplicity, the same 
value was chosen for the entire grid. To check which effect this parameter has on the 
flow within the valley, three simulations with other roughness values were carried out 
(see Table 4-4).  
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Table 4-4. Comparison between different roughness lengths and the mean and max within valley u-
component. 

z 0  (m) Mean  (m s -1 ) Max (m s -1 )
0.002 10.2 15.6
0.02 10 14.6
0.1 9.9 14.1
0.8 9.2 13.7

 

As a result we can see that with the conditions used here, stable and low diurnal 
variation in radiation, different values of the roughness have no major effect on the 
flow within the valley, although a decrease in wind speed can be noticed when 
increasing the roughness. Of course the combination of roughness and stratification is 
of importance. If the stability is neutral or unstable, the change of roughness probably 
makes a greater difference, but this has not been examined here. 

4.4 MULTIPLE VALLEYS, BARRIERS AND RIDGES 

These simulations were performed to see the influence of a more complex structure in 
the two-dimensional case, and how the results are affected by other topographic 
features like a sloping plateau from the valley ridges, see Figure 4-12. Simulations 
with two ridges and just a wall (barrier) were also performed. The winter profile, 
described in Section 4.1, is used in all the simulations and the geostrophic wind is 
directed from 0° and has the strength 10 m s-1. All results are taken at 0600 LST after 
48 hours of simulation. 
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a)      b) 

Figure 4-12. . South – North cross sections. Figure a) shows the mean wind speed (m s-1) and b) shows 
the u-component (m s-1). Geostrophic wind is 10 m s-1 from 0°.  

 

In the simulation with sloping plateau, the gap wind that occurs in the valley is of 
smaller magnitude than in the similar simulation without the sloping plateau. Here the 
maximum within valley u-component is about 11 m s-1, as compared to 15.6 m s-1 
without the slopes. In spite of the small inclination of the plateau, a wind in the u-
direction is also found on the windward side of the valley. It has about the same 
magnitude as the large-scale wind (10 m s-1), see Figure 4-12b. 
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In the case where two ridges are simulated the highest wind speeds are found at the 
lee side of the down-stream ridge, see Figure 4-13a. High along valley wind speeds 
occur also within the valley. The maximum wind speed along the valley is 14-16 m s-1 
se Figure 4-13b. The highest wind speed in the u-component occurs at the wind-side 
of the two ridges, Figure 4-13b. This could be referred to as a barrier jet, see Section 
5.2.4. 
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Figure 4-13. South – North cross sections. Figure a) shows the mean wind speed (m s-1) and  b) shows 
the u-component (m s-1). Geostrophic wind 10 m s-1 from 0°. 

The simulation with two parallel ridges shows that the highest wind speeds occur at 
the lee side of the two ridges, Figure 4-13a. This can be referred to as a Bora Wind 
(Enger and Grisogono, 1998). Wind speeds above 32 m s-1 is noted. In Figure 4-13b, 
it is clearly seen that the valley is affected by channelling. Wind speeds along the 
valley, of similar magnitude to those simulated in Section 4.3.1 are seen, but here 
almost the entire within valley area is affected by high wind speeds.  

For comparison to Figure 4-13b a case with just a barrier is performed, see Figure 
4-14. The setup is the same as in the runs made in Section 4.3.1 with the wind speed 
10 m s-1 from 0°. High wind speeds occur along the barrier, reaching above 18 m s-1. 
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Figure 4-14. South – North cross section for the u-component (m s-1). Geostrophic wind is 10 m s-1 
from 0°.  The northern part of the mountain range is removed to simulate a barrier.  

The maximum in the u-component is also reaching above the barrier up to the plateau. 
If Figure 4-14 is compared to Figure 4-13b striking similarities according to the flow 
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along the barrier are seen. The flow along the ridge, at the wind ward side, is not 
affected by the presence of the other ridge and the valley in between.  

In simulations with two and three parallel valleys there can be seen that it does not 
matter to the flow in the northerly valley, if the valley in the centre is removed, see 
Figure 4-15. The flow in the southerly valley, however, is somewhat affected by the 
presence of a valley in the centre. The maximum wind speeds along the valley are of 
the same magnitude in the two outermost valleys in Figure 4-15a and b.  
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Figure 4-15. South – North cross sections for the u- component (m s-1). The geostrophic wind is  
10 m s-1 from 0°. 
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5. Idealised Three-dimensional Simulations 

Although the two-dimensional simulations give a picture of the wind field in a cross 
section of a mountain valley, one has to be careful with using the values that the two-
dimensional runs are giving. Three-dimensional runs are needed to get a more 
complete picture of the wind in the complex mountain valleys that are of interest. For 
example, effects of meandering and narrowing valleys can only be simulated in three-
dimensions. According to Enger et al. (1993) the difference between the two-
dimensional and the three-dimensional simulations in their case is caused by the 
meandering of the valley that reduces the development of a low-level jet. 

5.1 VARYING THE TOPOGRAPHY 

Different ideal complex topographies were constructed using MATLAB (Matrix 
Laboratory software). The intention was to imitate common features in the 
mountainous areas. Four different settings of topography features were constructed:  

• Topography 1 (T1): The simple valley that was used in the two-dimensional 
simulations, but here in three dimensions, see Figure 5-1a. 

• Topography 2 (T2): Here the simple valley has wider openings in both ends. The 
narrowing part in the centre is 4-8 km wide and the opening is about 32-km wide, 
see Figure 5-1b. 

• Topography 3 (T3): The same configuration at the valley sides as T2, but a 
second-degree equation describes the narrowing part in the xy-plane, see Figure 
5-1c. 

• Topography 4 (T4): This topography is created to reproduce the effects of a rather 
common feature in the mountain areas, that is the valley is meandering, see Figure 
5-1d. 

5.2 MODEL SET-UP  

As the MIUU-model is quite computer-time consuming to run in three-dimensions, 
the simulation period was restricted to 36 hours. Simple comparisons show, however, 
that a steady state is achieved faster in three-dimensional simulations than in two-
dimensional simulations, so the shorter simulation period should not be a problem 
when comparing the two- and three-dimensional runs.  

To achieve maximum resolution in the central part of the domain, and locate the 
lateral boundaries far away from the area of interest, telescoping grids were used. 
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a)      b) 

 

  
c)      d) 

 

Figure 5-1. The four topography configurations used in the three dimensional simulations. The broad 
brown bar that stretches in y-direction (north – south) is representing the mountain range (500-1000 m 
high). a) Topography 1 (T1), the simple valley used in two dimensions, here in three dimensions. b) 
Topography 2 (T2), Linear narrowing. c) Topography 3 (T3), A second-degree equation describes the 
narrowing part in the x – y plane. d) Topography 4 (T4), meandering valley. x is west – east direction 
and y is south – north direction. 

 

The following two different grids have been used in the three-dimensional 
simulations: 

• G1: The model domain is 1040 ×  640 ×  10 km  and is resolved by 101 ×  111 3 ×  
29 grid points. The finest resolution of this grid is 5 ×  1 km in the horizontal and 
2 m in the vertical. In the vertical, the lower levels are log spaced while the higher 
levels are linearly spaced. This grid is only used for some of the simulation of 
topography of type T1 and the Barrier Jet case. 

• G2: The model domain is in this case 280 ×  280 ×  10 km3 and is resolved by 101 
 111 ×  29 grid points. The maximum resolution is 2 × ×  1 km in the horizontal. 

This grid set-up was used in simulations of type T2-T4 and for some of the T1 
type. 

All simulations were performed at Julian day 15 (15th of January) with the winter 
temperature profile, see Section 4.1. 
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Figure 5-2. a) West –east cross section of the three-dimensional topography, where (ms) describes the 
horizontal mountain slope width in the x-direction. (pw) is the horizontal width of the plain, and (ph) is 
the plain height described in Section 4.1. A sine function describes the mountain slope configuration. 
b) Bird’s eye view of the area.  (vw) is the valley width as in Section 4.1. The blue lines are the height 
contours. 

 

At the lower boundary, temperature, roughness length, and height above sea level, 
have to be specified at each grid point. The roughness length was 0.002 m in every 
grid point.  

5.2.1 Comparisons between Runs in Two- and Three-dimensions 
When simulating different valley configurations in two-dimensions one has to be 
careful about the magnitude of the modelled winds in the valley. Only three-
dimensional simulations can give a more complete picture over the flow within the 
valley. A comparison of results from two and three dimensions is made. The south – 
north cross section (x = 0 km) of the three dimensional valley is identical with the so-
called reference topography described in Section 4.1. Background stratification and 
all other values are the same in both simulations. In the three-dimensional simulation 
the length of the valley (pw) is 80 km and the mountain slopes (ms) are 20 km at each 
side, see Figure 5-2. In Table 5-1 we can see some differences between the two-
dimensional case and the three-dimensional case.  

 

Table 5-1.  Comparison between the values of the within valley u-component in two- and three-
dimensional simulations. Inflow values are taken at x = –40 km,  see Figure 5-2.  The centre values are 
taken at x = 0 km and outflow values at x = 40 km. 

Inflow Centre Outflow Two-dim
Mean (m s -1 ) 3.1 6.5 8.7 10.2
Max (m s -1 ) 8.2 11.6 15.3 15.6

 

Looking at three different cross sections in the three dimensional case, we see that 
these results are not comparable to the values we get in the two-dimensional 
simulations, especially at the inflow (x = -40 km) and at the centre of the valley 
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(x = 0 km). The values taken at the outflow (x = 40 km), however, is comparable but 
of somewhat smaller magnitude. Probably three-dimensional simulations with an 
infinitely long valley would give winds even more comparable to the two-dimensional 
case. This means that the results from the two-dimensional simulations can not be 
taken as representative for the within valley climate in typical three-dimensional 
valleys. They do, however, give valuable information on how differences in 
topography and in the ambient flow affects the within valley winds. 

5.2.2 Valley Length 
Four different simulations were performed to examine the effect of the valley length. 
In all four runs, T1 and G2 are used. The stratification is described by the winter 
profile (see Section 4.1). In this section, the valley slopes are described by a linear 
function.  
The mountain sides (ms), from the flat area that surrounds the mountain range to the 
plateau, are 20-km wide, in west –east direction (x), see Figure 5-2a. The plateau 
height (ph) is 1000 m. The width in west-east direction of the elevated plateau was 
varied (pw, see Figure 5-2) to simulate different lengths of the valleys. Lengths that 
were tested are 10 km, 20 km, 40 km and 80 km. In all simulations, the maximum 
wind speeds are found at the low-pressure end of the valley. In fact the absolute 
maximum is located outside the valley opening, see Figure 5-3. 
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Figure 5-3. Bird’s eye view. The u-component (m s-1) is plotted at 289 m over ground. The geostrophic 
wind is 10 m s-1 from 0°.  Wind speeds above 7 m s-1 are plotted. 

Comparing the maximum and mean wind speeds within the valley for simulations of 
valleys with different lengths (pw), from 10 to 80 km, somewhat unexpected result is 
found. The maximum wind speeds are almost the same within the valley, just slightly 
higher in the longer valley. The mean flow though, differs between the simulations, 
and increases from 3.3 m s-1 to 5.7 m s-1 when increasing the valley length from 10 to 
80 km, see Table 5-2. The comparison is made half way into the valley in all cases 
(x = 0 km, in the centre of the mountain range). 
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Table 5-2. Comparisons between four different lengths of the valley, made at the centre according to 
plain width (x = 0 km, see Fi b).  gure 5-2

Valley length (km) Mean (m s -1 ) Max (m s -1 )
10 3.3 12.8
20 3.7 12.8
40 4.52 13.5
80 5.7 13.7

 

Comparing cross sections of the two simulations with valley length 10 and 80 km, see 
Figure 5-4, it is clearly seen that the high wind speed is affecting a greater part of the 
across-valley area in the latter case. The dominant part of the flow along the valley is 
below 500 m above ground, and in the case when the valley is shorter, it is even 
below 400 m above ground, see Figure 5-4.  

Comparing wind speeds in the centre of the valley (x = 0 km) in three-dimensions 
with the two-dimensional results, the latter are of much greater magnitude. However, 
if the comparison is made at the low-pressure end of the three-dimensional valley the 
results are comparable.  
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Figure 5-4. South – north cross sections for the u-components (m s-1) at x = 0 km. In a) are (pw) 80 km 
and in b) (pw) is 10 km. The geostrophic wind is 10 m s-1 from 0°. 

5.2.3 Narrowing Valleys 
A common feature of mountain valleys is that the valley width changes (vw, see 
Figure 5-2b), i.e. the valley are narrowing. In these simulations, the topographies T2 
and T3 (see Figure 5-1) were used to imitate this effect.  
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Figure 5-5. Bird’s eye view of the narrowing valley. (nl) is the length of the narrowing part of the 
valley and (vo) is the width of the valley opening. Compare this figure to Figure 5-2b. 

 

The geostrophic wind was 10 m s-1 from 00. For comparison, two different values of 
(vw) in the T2-topography were used to see the effect of the width narrow part of the 
valley, 4 and 8 km. The value of (nl) was kept constant in both simulations, see Figure 
5-5.  

In comparisons between the two different valley widths (x = 0 km) there is no big 
difference between the wind speeds. Slightly higher wind speeds are found in the case 
where the narrow part is wider, Figure 5-6b. 

−20 −15 −10 −5 0 5 10 15 20
0

200

400

600

800

1000

1200

1400

−20 −15 −10 −5 0 5 10 15 20
0

200

400

600

800

1000

1200

1400

 

0

1 1

1

1

1

2

2

2

2

3

3

3

4

4

4

5

5

5

6

6

6

7

7 8

8

9

10

12

he
ig

ht
 z

 (
m

)

south − north, y (km)

−1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

 

0

0

1

1

1

1

2

2

2

3

3

3

4

4

4

5

5

5

6

6

6

7

7 88

910

11

11

12

13

he
ig

ht
 z

 (
m

)

south − north, y (km)

−1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

 
a)      b) 

Figure 5-6. South – north cross sections for x = 0 km. The type of topography in these simulations is 
T2, see . The u-components (m s-1) are plotted for two narrowing widths, 4 and 8 km. The 
widths of the valley openings (vo) are the same in each simulation. 

Figure 5-1

 

This is in agreement with the results in Section 4.3.7 where the maximum wind 
speeds are increasing with wider valleys.  
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Figure 5-7. Bird’s eye view showing the u-component (m s-1) at 100 m height above ground level. The 
geostrophic wind speed is 10 m s-1 from 0°. Only wind speeds above 6 m s-1 are plotted. 

 

It is seen in Figure 5-7 that wind maxima occur in all areas where the valley is 
widening. This effect does not only occur in the areas with rather “sharp edges” as at 
the outflow end of the valley, see Figure 5-7a, but is also seen in areas where the 
valley is widening, see Figure 5-7b. The wind is in all these cases seem to accelerate 
around the “corner”, and high wind speeds occurs. 

This is clearly seen in simulations where the narrowing part has a more smooth 
transition in the xy-plane, see Figure 5-8. When using the T3-topography, see Figure 
5-1, the wind maximum starts after the flow has passed the narrowest part of the 
valley. At the high pressure, left side of the narrow part in Figure 5-8, low mean wind 
speeds are found. Compared to the topography T2 the maximum is located just around 
the area where the narrow part is. It is clearly seen that the highest wind speeds occur 
when the flow has passed the narrow part. Low wind speeds are found at the mountain 
slopes and at the high- pressure side of the narrow part. 
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Figure 5-8. Bird’s eye view of the T3-topography. The mean wind speed (m s-1) is plotted at 100 m 
height above the ground. The geostrophic wind is 10 m s-1 from 0°. 
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5.2.4 Meandering 
A common feature is when the valley is meandering, or bending, as is often found in 
the real terrain. This effect can of course not be simulated in two-dimensions, and 
according to Enger et al. (1993), the difference between the two-dimensional and the 
three-dimensional simulations is in their case caused by the meandering of the valley. 
This reduces the development of a low-level jet (gap wind). 

The simulations were performed with T2-topography, winter profile (Section 4.1) and 
roughness z0 = 0.002 m in all grid points. The wind was 10 m s-1 from 0°. Two types 
of meandering valley are used. They are identical besides that the meandering is 
reversed between the two, see Figure 5-9. This simulation is made to see the effect of 
co-operation between pressure driven channelling and forced channelling within the 
valley.No big differences in mean and max wind at the outflows can be found for the 
two cases. With the topography used in Figure 5-9a the mean value at the outflow is 
6.4 m s-1 and in Figure 5-9b it is 6.6 m s-1In the centre of the two valleys, the 
difference is greater. Maximum u-component wind speed in Figure 5-9a is 4.8 m s-1 
and 6.8 m s-1 in Figure 5-9b. The result is a consequence of that the pressure driven 
channelling and forced channelling are counteracting each other in Figure 5-9a. In 
Figure 5-9b they are co-operating with each other. . Comparisons with a valley that is 
identical without meandering in Section 5.2.1 gives the mean winds at the outflow 
6.9 m s-1. 
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Figure 5-9. Bird’s eye view of the meandering valleys. The mean wind speeds (m s-1) plotted at 100 m 
above the ground. The geostrophic wind is 10 m s-1 from 0°. 

 

In the wind arrows plot, Figure 5-10, it is clearly seen how the effect of pressure 
driven channelling is affecting the flow. The wind direction in the whole valley is 
directed from the high-pressure end of the valley to the low-pressure end in spite of 
the meandering. In the centre of the valley where pressure driven channelling and 
forced channelling are counteracting each other the wind speed has a minimum 
compared to Figure 5-9b. 
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Figure 5-10. Bird’s eye view of a  meandering valley. The geostrophic wind is 10 m s-1 from 0°. The 
arrows indicate direction and magnitude of the flow at 100 m height. Compare this figure to 

a. 
Figure 

5-9

 

It is seen that the maximum wind speeds occur at the low-pressure side of the 
meandering valley like in the other three-dimensional simulations. At the out flow 
side of the valley, Figure 5-10, the winds are turning towards the geostrophic win 
direction. 

5.2.5 Barrier Jet 
In the results from all simulations presented above, a wind maximum is found outside 
the low-pressure end of the valley (See Figure 5-11a). A question that arises is then if 
this maximum is dependent on the presence of a valley or not. Does the wind 
maximum also occur if a single mountain barrier replaces the valley?  

The simulations are carried out with the winter profile in Section 4.1, roughness 
z0=0.002 m in every grid point and G1-grid (Section 5.1.). As can be seen from Figure 
5-11b where the northern part of the mountain range has been removed, the maximum 
still remains and strengthens. The highest wind speeds are located around the edge of 
the east side of the barrier, see Figure 5-11b. This is related to the so-called corner 
effect, Barry (1992). The barrier is also affecting the flow over a wider area than the 
valley.  

The winds that are blowing parallel with the barrier can be related to as barrier jets 
(Whiteman, 2000). Barrier jets form when a stably stratified low-level flow 
approaches a mountain barrier of limited length with an edge or an opening on its left 
side (according to the flow direction, see Figure 5-12). Barrier jets are found, for 
example, in the west side of the Sierra Nevada mountain range (Whiteman, 2000). 
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Figure 5-11. Bird’s eye view. The geostrophic wind is 10 m s-1 from 0°. The mean wind speed (m s-1) at 
100 m above ground.. Only wind speeds over 10 m s-1 are plotted. In Figure a) there is a valley and in 
b) is the northern part of the mountain range removed to simulate a barrier. 

 

They are also found in winter-time, north of the Brooks Range, Alaska, when stable 
cold air approaching the range from the north is deflected to the left, giving westerly 
barrier winds parallel to the mountains (Barry, 1992). In comparison between the case 
with a valley, Figure 5-11a, and the case with a single barrier, see Figure 5-11b, it is 
clearly seen that the wind maximum is of greater magnitude in the case when the 
northern part of the mountain range is removed. 

 

 

Figure 5-12. A barrier jet occurs when winds are turned to the left (Northern Hemisphere) to flow 
around the edge of a mountain barrier. (Adapted from Whiteman, 2000) 

 

In addition a two-dimensional simulation with a barrier is made for comparison. 
Almost the same wind speeds occur in this simulation, see Figure 5-13, as is seen 
outside the low-pressure end of the valley in the three-dimensional simulations, see 
Figure 5-11b. This is also seen in the case where multiple ridges and barriers are 
simulated in two-dimensions in Section 4.4. The wind speeds in this case do not reach 
the magnitude that are simulated here but that can be due to a lower obstacle height. 
The ridge height used in Section 4.4 is 500 m and the barrier in Figure 5-13 is 1000 m 
high. 
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Figure 5-13. South – north cross section for the mean wind speed (m s-1). This is the two-dimensional 
run  that can be compared to Figure 5-11b.  

 

 

6. Numerical Simulations in the Torneträsk area 

6.1 MODEL SET-UP 

It is of course of interest to know how the model simulations correspond to winds 
observed for a real topography. Therefore simulations with different wind directions 
were carried out over the Torneträsk area in Northern Sweden, using a model grid 
consisting of  111 x 101 x 29 grid points. The grid is equidistant in the area of interest 
and telescoping to locate the lateral boundaries as far away as possible from the 
investigated area, as described in Section 5.1. The vertical distribution of the grid 
points is the same as in the grids used in Section 5. 

The finest resolution is 1 x 1 km to resolve the topographical features as well as 
possible. The equidistant area is –30 km < x < 30 km and –15 km < y < 15 km.  The 
initial temperature profile used here is the winter profile that has already been used in 
the many of the earlier simulations, see Section 4.1. The simulations were run for 
36 hours with a time step of 6 s as in the three-dimensional simulations presented in 
Section 5. Topography and roughness (zg and z0) were taken from digitised maps. 
These maps have a resolution of 1-km (the U. S. Geological Survey (USGS), the 
university of Nebraska-Lincoln (UNL), and the European Commission’s Joint 
Research Centre (JRC) 1-km global land cover characteristics data base, 1999). The 
geostrophic wind was 10 m s-1, and the model was run for wind directions from 24°, 
204° and 294° to see the effect of pressure driven channelling and forced channelling 
in real terrain. 
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Figure 6-1. Bird’s eye view of the Torneträsk area. The grid is equidistant in the centre of the domain: 
The grid points are plotted in the figure to illustrate the resolution. 

 

6.2 SIMULATION RESULTS 

Measurements in the Torneträsk area have shown the occurrence of very high gap 
winds. From 30 March to 6 April 1987 the Swedish Air Force performed soundings 
and pibal trackings in the Torneträsk valley. In the morning 0100-0500 UTC 2nd April 
1987 wind speeds exceeding 30 m s-1 were measured. The highest values were found 
in the height interval between 80 and 160 m above the Torneträsk ice sheet. The high 
wind speed were probably the result of pressure driven channelling (Smedman and 
Bergström, 1995).  

A simulation with the geostrophic wind 12 m s-1 from 180°, approximately 
corresponding to the gap wind case from 2nd April 1987, was performed. The 
maximum wind speed in this simulation was about 19 m s-1, and was found at 100 m 
above the ground. This is not as high as seen in the observations, giving 30 m s-1 or 
more, but clearly indicates the presence of high valley winds given by the model. As 
the aim of the present study was not to study the ‘Träsk-jet’ of April 2nd 1987, no 
further investigations were made concerning this special case and the reasons for the 
model under-estimation of the wind maximum. 

In the simulation where the geostrophic wind direction was chosen perpendicular to 
the valley axis (204°), a low-level jet with a very distinct core was seen, see Figure 
6-2. The within valley winds seen in the simulation are strongly channelled and super-
geostrophic to their magnitude. The core has an easterly wind direction towards the 
area with lower pressure. Maximum wind speeds are around 14 m s-1 at low levels in 
the valley.  
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Figure 6-2. South – North cross section for the mean wind speed (m s-1) over Torneträsk at x = -20 km, 
see Figure 6-3. The geostrophic wind is 10 m s-1 from 204° (perpendicular to the valleys along axis).  

Above the low level jet a so-called shear layer (Smedman et al., 1996) is located. A 
shear layer is a layer with low wind speeds and high amount of turbulence. Around 
Abisko area (x = -20 km, y=-5 km, see ) low wind speeds are found in all 
simulations. When the flow pattern in Figure 6-3 is investigated, is it seen that the 
highest wind speeds occur after the narrowing part of the Torneträsk valley, see 
Figure 6-3. This is in line with the results in the simulations done with narrowing 
valleys (Section 5.2.2). In those simulations, it is seen that wind maximum occurs 
where the narrow part is located. If this result holds, the same effect should be seen if 
the geostrophic wind direction is from 24°, i.e. perpendicular to the valley axis from 
the other direction. In Figure 6-4 this is clearly the case, the highest wind speeds 
occur downstream after the flow has passed the narrow part. Low winds speeds occurs 
around the Abisko area (x = -20 km, y = -5 km) like in the simulation with wind 
speeds from 294°. This is also found in the wind climate observations made in the 
area (Smedman and Bergström, 1995). 

Figure 6-3

Figure 6-3. Bird’s eye view over the Torneträsk area. The geostrophic wind is 10 m s-1 and 204° 
(perpendicular to the valleys along axis). The lengths of the arrows correspond to the magnitude of the 
wind speed. All values are taken at 100 m above ground..  
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Figure 6-4. As Figure 6-3 but for a geostrophic wind from 24°. 

 

One simulation with geostrophic wind direction from 294° was performed, see Figure 
6-5. This means that the wind is blowing along the axis of the lake, and the within 
valley wind climate is mainly affected by forced channelling. Compared to the two 
other cases, where pressure driven channelling is the dominating mechanism, see 
Figure 6-3 and Figure 6-4, it can be seen that in this case no high winds are found in 
connection to the narrowing part of the valley. 

 

 

 

Figure 6-5. As Figure 6-3 but for geostrophic wind from 294°.  
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7.  Summary and Conclusions 

Modelling of both idealised valleys and real topography has been made with the 
MIUU-model in order to study the occurrence and magnitude of high winds in low 
elevation terrain in mountain areas. The input parameters that have been chosen to be 
the most important are topography and geostrophic wind (magnitude and direction). 
In most cases an idealised terrain has been used. Model runs have been made in both 
two-dimensions and three-dimensions, and most of the simulations are carried out at 
high latitude and with a stably stratified air mass.  

When setting up the computational model grid, great care has to be taken. For 
example using an equally spaced grid, i.e. a grid with the same horizontal distances 
between the grid points, some unwanted results may emerge. In our case non-physical 
waves due to numerical disturbances propagated and grew in the model domain. The 
problem was solved with a telescoping grid which located the lateral boundaries at a 
greater distance, this did not allow waves to develop and propagate because of the 
un-equal grid distances along the boarders of the model domain. Tests showed that the 
problem with numerical waves did not occur using this type of grid point spacing. 

In the results of all simulations, it is clearly seen that channelling affects the flow 
within the mountain valleys. The channelling is the result of pressure driven 
channelling together with forced channelling. A somewhat surprising result was 
shown in Section 4.3.1 where the geostrophic wind was changed from 1 m s-1 to  
21 m s-1 using the same direction, 0°, which is perpendicular to the valley. In a certain 
range of the geostrophic wind, from 1 m s-1 to about 10 m s-1, the mean along valley 
wind is almost constant around 9.5 m s-1. This can be explained by the fact that KM is 
linearly proportional to Vg for small values of the roughness length - in this case 
0.002 m. It is also shown that the relation between maximum and mean wind speeds 
in the valley is: umax=1.5⋅umean. The wavy variation in the mean wind for geostrophic 
winds larger than 10 m s-1 can be ascribed to the influence of tropospheric gravity 
waves, that affects the within valley wind climate. 

The simulations with an idealised topography showed that the effect of pressure 
driven channelling is stronger than the forced channelling effects. This can be seen in 
Section 4.3.2. Through comparisons between different geostrophic wind directions, it 
can be concluded that the pressure driven channelling affects the whole valley wind 
climate in the greater part of the valley. The two channelling types acts together as 
most at an angle of about 60° from the cross-valley axis. 

When the background stratification is changed to more stable conditions the within 
valley wind speeds increase. The maximum wind speed reaches up to more than three 
times the geostrophic wind speed in the case where the initial background Froude 
number is 0.6. It was, however, found that the Froude number was not a relevant 
reference parameter. 

A summer situation was modelled to check the influence of heating of the surface. In 
this case, a clear diurnal variation in the valley wind climate is seen. The downward 
momentum transport, which occurs during daytime with unstable stratification, 
destroys the gap wind that is built up during the night with stable stratification. 

Simulations with and without a water body at the bottom of the valley showed that 
lower surface temperature, which is often connected to the presence of a lake with 
cold water in valleys at high latitudes, leads to higher diurnal average wind speeds. 
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The results presented in Section 4.3.6 showed that the pressure driven channelling 
becomes stronger with increasing height of the valley sides. Sensitivity tests showed 
that this is indeed due to the higher mountains, and not, as could also be the case, an 
effect of steeper valley sides. Higher within valley winds are also found when the 
valley width is increased. In this case, the whole valley is affected, giving an increase 
in both maximum and mean wind speeds. 

Changes in roughness length had no major effect on the results during stable 
conditions. Both mean and maximum winds are just slightly affected, where a higher 
roughness leads to a slight decrease in the magnitude at valley flow. 

Topographies that are more complex are also modelled in two dimensions and the 
results confirm earlier founding. In simulations with multiple valleys, the flow in each 
valley is not affected by the presence of the other valleys. When comparisons are 
made between a case with three valleys and a case where the valley in the centre have 
been removed, it is seen that this is not affecting the within valley climate in the two 
remaining valleys.  

Three-dimensional simulations were made to simulate phenomena that could not be 
simulated in two-dimensions. Features like narrowing of the valley and meandering 
valleys were simulated. Comparisons between two- and three-dimensional 
simulations were done to see the differences between them. The values from the two-
dimensional simulations are comparable in magnitude with the three-dimensional 
results at the outflow end of the valley. 

The length of the valley has small effects on the maximum wind speeds in the valley. 
The maximum wind speed is approximately the same in all the comparable 
simulations. The mean wind speed, on the other hand, shows variations with the 
valley length. It seems that the flow in the valley as a whole get increasingly affected 
by the core of high wind speed the longer the valley gets. The low-level jet that 
develops is gradually getting wider and affecting a greater part of the cross section of 
the valley as the valley length is increased. The highest wind speeds are located just 
outside the low-pressure end of the valley. 

Simulations with a narrowing of the valley show that high wind speeds occur at the 
low-pressure side of the narrow part of the valley. When the valley is widening 
towards the region with lower pressure a wind maximum occurs in all the simulations.  

Simulations with a meandering valley show that the winds at the outflow end of the 
valley do not differ much from what is the case with a straight valley. The difference 
is found in the central parts of the valley, where pressure driven channelling and 
forced channelling strengthen each other, or counteract each other.  

A barrier jet develops when one part of the simulated mountain range is removed. It is 
clearly seen that a great part of the model domain is affected by this phenomenon. 
Comparing the results from three-dimensional runs with two-dimensional results, it is 
found that the latter gives the highest wind speeds. However, equally high winds as in 
the two-dimensional case, can be found in the three-dimensional runs at the low-
pressure end of the valley, just outside the valley at the plains that surrounds the 
mountain range. 

Simulations with the same set-up as in the three-dimensional simulations, concerning 
stratification, are also made over real terrain. The Torneträsk area was chosen because 
measurements have showed that the within valley wind climate here is highly affected 
by channelling. It is clearly seen in the model results that channelling along the valley 
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occurs, and that the same type of terrain modifications of the flow is seen both in the 
observations and in the modelled winds.  

The unexpected result presented in Section 4.3.1, that the mean wind in a valley could 
be more or less independent of the geostrophic wind speed, is still a source of some 
questions. More simulations are needed to fully understand this. In earlier works it 
has, however, been shown that there seems to be no correlation between the wind 
speed in the valley and the geostrophic wind speed. This could be explained by the 
results in Sections 4.3.1 and 4.3.2, showing that the along valley wind component, 
which has its origin in the pressure driven channelling effect, is more or less constant 
for certain conditions, independent of the magnitude of the geostrophic wind. 

It could be concluded from the results presented in this investigation, that favourable 
conditions for high wind speed in a valleys are found where the valley is narrowing, 
has high sides, and where there is a water body at the bottom of the valley. A water 
body typically results in more stable stratification and also a lower surface roughness. 

In the simulations that are made here, no account is taken to the fact that some valleys 
are inclined in the horizontal. This is for example typical for valleys east of the 
Scandinavian mountain range. This means that up-valley and down-valley effects are 
not simulated in the case where we have thermal forcing. More tests concerning 
effects of stability also have to be made. 
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