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The wind climate shows often large local variations in coastal areas. The present study
was based on measurements at several sites on the island of Gotland in the Baltic Sea and
on simulations with a numerical meso-y-scale atmosphere model (the MIUU model). It is
common for thermally driven flows, e.g. sea breezes and low level jets, to evolve result-
ing in supergeostrophic winds. The most important parameters affecting these flows were
found to be temperature and roughness differences between the land and sea. Although the
wind speed increases climatologically over a see, a case where the wind speed decreased
when advected out over a cold sea was investigated. This happens if the stable boundary
layer (SBL) over the sea is deep enough. A deep SBL is favoured by strong thermal winds
in combination with large temperature differences between the land and sea. With a shal-
low SBL the wind speed increases over the sea.

Introduction

Sharp changes in temperature and surface rough-
ness between land and sea make coastal areas
suitable for studies of winds originating from
thermally driven flows. These flows have a large
influence on the local wind climate, which can
differ from the synoptic winds seen in weather
maps. Winds originating from thermally driven
flows may often become supergeostrophic, i.e.
stronger than the geostrophic wind driven by
large-scale pressure gradients, and are interest-
ing in several aspects, e.g. transport of pollut-
ants, recreation, sound propagation and wind
energy applications.

In high latitudes, large water bodies sur-
rounded by land masses are likely to develop a
particular meteorological regime during spring
and large parts of the summer, when warm air is

advected out over the relatively much colder sur-
face of the water. Thus stable stratification, with
correspondingly low turbulent exchange rates at
the surface, is bound to occur. The above situa-
tion has been found to apply to the Baltic Sea,
which is a semi-enclosed sea located in northern
Europe between roughly 55°N and 65°N.

Stable internal boundary layers (SIBL) over
a cold sea were first studied by Csanady (1974)
over Lake Ontario in Canada. Gryning and Joffre
(1987) and Melas (1989) both studied the stable
internal boundary layer over the Oresund Strait
between Sweden and Denmark. A decrease of
the wind speed over the sea was observed in
the Oresund Experiment and is described in e.g.
Doran and Gryning (1987) as well as in Gryn-
ing et al. (1987). Garratt (1987) and Garratt
and Ryan (1989) applied a numerical model to
aircraft data off the Australian coast. Garratt
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Fig. 1. Map over the Baltic Sea area and the island Gotland showing the model domains and the model grid points
for the two model setups used. Distances are given in the Swedish geographical coordinate system (RT90) in
metres. In the middle of the left side model domain (the square) the distance between the grid points is 1 km. In the
square the grid points have been deleted in favour of seeing the contour of Gotland. Longitude and latitude for the
centre of the square is 18°23'E and 57°14°N, respectively.

(1990) showed that the internal boundary layer
height could be characterized by a critical layer
flux Richardson number and distance from the
shoreline. From his calculations the SIBL should
grow fairly slowly with distance. Smedman ez al.
(1997) also investigated the evolution of a stable
internal boundary layer over a cold sea with flow
coming from a heated land area.

The present study is based on measurements
at several sites on the island of Gotland in the
Baltic Sea (Fig. 1) and on simulations with
a numerical meso-y-scale atmosphere model.
The purpose of the analysis is to highlight the
complicated wind field over the Baltic Sea and
the island of Gotland during a typical early
summer situation with stable stratification over
the sea and convection over land. Also the modi-
fication of the wind field due to various param-
eters is investigated. Investigated parameters are
temperature differences between land and sea,
roughness and topography differences, magni-
tude and direction of the geostrophic wind, and
thermal wind.

Thermally driven flows and sea breezes have
been studied in detail by many researchers over
the years. About forty years ago Estoque (1962)

simulated sea breeze evolution assuming a back-
ground wind of 5ms™ from four directions
parallel and perpendicular to the coastline. He
found that an offshore wind favoured the evo-
lution of a sea breeze. Arritt (1993) simulated
thoroughly the evolution of a sea breeze with
a 2D-mesoscale numerical model using back-
ground winds ranging from —15 to +15ms™'. A
few studies have included effects from the shape
of the coastline. Arritt (1989) found that curva-
ture of the coastline produces slightly stronger
winds offshore for a concave coast than for a
convex coast. Savijarvi (2004) discussed surface
winds across non-curved coastlines. Gillian et
al. (2003) made a study of thermal circulations
around the North Carolina coast, while Savijirvi
et al. (2005) did a similar work for the Gulf of
Finland.

Common in coastal areas during stable
stratification are low-level jets (LLJ), i.e. wind
maxima at lower altitudes, commonly 50-300
m above the surface. The classification of LLIJs
is not unambiguous, and different investiga-
tors have used different criteria. Some of them
require the wind speed to be supergeostrophic,
while for others it is enough that the wind speed
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is 2m s higher at the maximum than above
within the lowest 1500 m of the atmosphere
(Stull 1988). Low-level jets can be caused by
several phenomena. Over the coastal zone the
most important ones are inertial oscillations,
land and sea breezes, advective accelerations,
coastal convergence, synoptic-scale baroclinicity
and fronts. In this study LLIJs are mostly devel-
oped in connection with sea breeze circulations.

The wind field over the Baltic Sea was stud-
ied extensively by Tjernstrom and Grisogono
(1996) and Kaillstrand et al. (2000). The latter
compared air-borne measurements and numeri-
cal simulations with an earlier version of the
MIUU model (see below). They found a sub-
stantial decrease of the wind speed in the stably
stratified marine boundary layer between the
Swedish mainland and the island of Gotland,
whereas the wind speed increased over Gotland.
The conditions found by Killstrand et al. (2000)
will be discussed further later in this paper.

MIUU model

The MIUU model is a three-dimensional hydro-
static mesoscale model (Enger 1986). The model
has prognostic equations for wind, temperature,
humidity and turbulent kinetic energy. The tur-
bulence is parameterised with a level 2.5 scheme
according to Mellor and Yamada (1974), which
implies that the turbulent kinetic energy is cal-
culated by a prognostic equation, whereas other
second order moments are obtained by diagnos-
tic expressions described in detail by Andrén
(1990). The MIUU model has a terrain-influ-
enced coordinate system following the terrain
at the surface but being horizontal at the model
top (Pielke 1984). Of the 29 vertical levels used
in the simulations, the lowest grid point is at
the height z;, where z, is the roughness length,
and the model top is at 10 000 m. A logarith-
mic spacing is used near the surface, with the
second and third levels at 2- and 6-m heights, in
order to accurately describe the physics at lower
levels. For the upper vertical levels the spacing
becomes linear.

The topography and land-use parameters
were taken from digitised maps (the U.S. Geo-
logical Survey, the University of Nebraska-
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Lincoln, and the European Commission’s Joint
Research Centre 1-km resolution global land
cover characteristics database, 1999, available
at http://edcdaac.usgs.gov/glcc/glecc.html). The
land surface temperature and its daily variation
were estimated with a surface energy balance
routine that uses solar radiation and land use as
input (Deardorff 1978). Over sea the observed
average sea-surface temperatures were used.
The model was initiated using temperature and
humidity profiles representative for the modelled
weather situations. Note that these profiles were
only used for initialisation purposes. The model
output was not used until 6 hours had passed
(using a time step of 6 s), when the modelled
conditions had adapted to the given surface
boundary conditions. The large-scale synoptic
pressure field was included as a geostrophic
wind profile. The model was run for idealized,
horizontally homogeneous synoptic conditions,
but it could also have been run nested, e.g. using
large-scale weather data as input. Therefore, in
the simulations using a thermal wind discussed
below, there was no complete matching to the
large-scale horizontal temperature distribution.
This was, however, judged to be of minor impor-
tance to the results.

Two model domain setups were used. For
simulations over the entire Baltic Sea, the model
domain was 613 x 675 km and contained 158
X 165 grid points. In the horizontal direction, a
telescopic grid was used in order to achieve a
high resolution over the area of interest. The grid
spacing was 1 km between the grid points close
to the centre of the domain, which was over the
island of Gotland at the latitude of 57°14°N and
longitude of 18°23°E. (Fig. 1a). The grid spacing
then gradually expanded toward the boundaries,
until reaching the largest spacing of 9 km. For
simulations including Gotland only (Fig. 1b), the
domain was 168 x 236 km containing 61 x 95
grid points with a 2-km spacing in the centre of
the domain.

Measurement characteristics
During the period of 17-26 May 2000 a meas-

urement campaign was performed on the island
of Gotland in order to investigate winds in the



626

Térnblom etal. + BOREAL ENV. RES. Vol. 12

Ostergarnsholm

57°30'N

57°15'N|

57°00'N

10 20 30 km

.

0 2 4 km
[ S

Fig. 2. Map over the
southern part of Gotland
showing sites where pibal
trackings were taken.
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show inland sites, and
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area (Johansson and Bergstrom 2005). The most
extensive measurements were made on 22 May.
The synoptic situation was dominated by a weak
high-pressure ridge over the Baltic Sea area, cre-
ating weak southwesterly winds over Gotland.

The measurements consisted of tower meas-
urements and radio soundings at two sites,
Nisudden and Ostergarnsholm, and pibal track-
ing at several sites on the southern part of
Gotland (Fig. 2). Ostergarnsholm is a small
island located about 4 km east of Gotland. It is
a rather low island (5-10 m a.s.l.) and has no
trees. A 30-m-high tower is erected on the south-
ernmost tip of the island, giving an undisturbed
over-water fetch for the wind direction sector
80-220°. The basic instrumentation consists of
profile systems for wind speed, wind direction,
temperature and turbulence.

The Nisudden tower is 145 m high and is
located about 1.5 km from the shoreline on the
Nésudden peninsula (Fig. 2). The surroundings
are quite flat and partly covered with juniper
bushes. There is an undisturbed open water fetch
reaching the peninsula for winds coming from
the sector 180°-330°. The instrumentation con-
sists of profile systems for wind speed, wind
direction and temperature. When the wind is
coming from the sea, an internal boundary layer
is built up over the land surface, reaching up to
about 70 metres at the site of the tower. Above
70 metres the measurements are representative
for marine conditions (Bergstrom et al. 1988).

The wind speed and direction were also

19°00°E

tation.

measured at around 20 sites on the southern part
of Gotland (Fig. 2) using a single theodolite pibal
tracking technique. (Alexandersson and Berg-
strom 1979). In this techniques, balloons filled
with hydrogen are released and followed with a
theodolite as they ascend through the atmosphere
and follow the winds at the same time. Balloons
with a radius of 0.8 m and average ascent rate of
4 m s! were used. The theodolite was manually
directed towards the balloon and the azimuth
angle, elevation angle and time were stored on a
Campbell CR510 logger every 10 seconds. The
final wind profile consisted usually of an aver-
age of two or three tracked balloons in order to
reduce uncertainties, which typically were about
+0.5 m s below the 1000 m height. A balloon
ascent up to about 2500 m takes about 10 min,
which means that the final wind profile was an
average of approximately a 20-30 min.

Results — Baltic domain
Case 1: Increasing wind speed over sea

In order to compare model results with obser-
vations on 22 May, the MIUU model was run
for a 30-hour period with input data chosen to
represent the large-scale conditions of that day.
The background flow was specified as the geos-
trophic wind with a speed 2.5ms™ from the
southwest, having no shear with the height, i.e.
no thermal wind was applied. The model was
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run with a prescribed and constant temperature
of 11 °C for the water surface, while the sur-
face temperature over land areas was calculated
from the energy balance routine. The cloudi-
ness during the simulations was set to 50%. The
model was initialised with a temperature profile
having a lapse rate of about 0.0025 K m™" up to
about 2000 m height.

The modelled wind field at 72 metres at
16:00 LST (Local Standard Time = UTC + 1
hour) over the Baltic Sea area (Fig. 3) shows that
the land/sea temperature differences induced a
local pressure difference between the land and
sea at low levels, with a low pressure over land.
A sea breeze circulation started at the eastern
coast of Gotland, but since the geostrophic wind
was coming from the southwest, the resulting
wind direction originating from the combined
effect of the sea breeze and geostrophic wind
was almost from the south and parallel to the
coast. This is because the sea breeze, which was
easterly to start with, turned clockwise during
the day due to the Coriolis force, making it
southeasterly in the afternoon. The resulting LLJ
had its maximum strength at around 70 m, but

high winds almost reached the ground, (compare
Fig. 4e and f).

The wind speed is generally much higher
over the water compared with that over the land
(Fig. 3). The thermally driven flow originating
from the Swedish mainland influences the entire
Baltic Sea. Besides the fairly strong thermally-
driven low level jet developing on the east coast
of Gotland, a weak sea breeze can be seen to
the north of the island. At the coast of the Baltic
States another sea breeze is created.

Comparison of model results with
measurements

The time evolution of measured and simulated
winds at three sites on Gotland is presented as
time-height cross sections (Fig. 4). At Ndsudden
(Fig. 4a and b), the observed wind at lower levels
was around 3 ms™'. At the height of around
200 m, there were low winds during the day that
increased during the late afternoon. This increase
was also seen in the model result. At Sigter
further inland from Nésudden (Fig. 4c and d),
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there was not much of a change in the observed
winds compared with Nisudden. But besides the
increase in the wind during the afternoon, the
model here also catched the minimum around
the noon. On Ostergarnsholm off the east coast
(Fig. 4e and f), a jet due to a “sea breeze” was
evolving during the day, creating rather strong
winds at lower levels. This structure was very
well caught by the model.

Worth noticing is that the model was run
with a constant geostrophic forcing, which does
not change neither in the horizontal nor in the
vertical, and is also constant with time. There-
fore some structures in the wind field at higher
heights, as well as during the morning hours,
were not found in the simulations. However, the
resemblances between the measured and mod-
elled winds were good below 1000 m and from
the late morning during the rest of the day. More
validations of the model with satisfactory result
can be found elsewhere in the literature (e.g.
Smedman et al. 1996, Enger et al. 1993, Koracin
and Enger 1994, Bergstrom 1996, Sandstrom
1997, Kéllstrand et al. 2000.)

The difference between the west coast
(Nisudden) and the east coast (Ostergarnsholm)

12

Time (LST)

14 16 18 pointing left indicates east-

erly winds, etc.

will be discussed in more detail later, and could
be explained by the development of a thermally-
driven flow due to the presence of Gotland sur-
rounded by the colder sea.

Measured low level jets

From the 110 wind profiles measured using the
pibal tracking, Johansson and Bergstrom (2005)
found that 65% of the profiles contained a low
level jet, i.e. a wind speed maximum below the
500 m height, created by mesoscale effects. Out
of the 47 profiles from the east coast sites the
same figure was 83%. The wind direction during
this time was dominantly from the southwest.
The observed difference between the maxi-
mum wind speed in the LLJ and minimum wind
speed above the jet was also analysed. It can
be seen (Fig. 5) that the maximum in the wind
speed increased during the day being largest
at around 16:00 LST. The wind in the jet was,
as the mean of all the east-coast profiles, up to
5.5 m s higher at the maximum than at the min-
imum above. Although the jet was strongest at
the east coast, it still existed at the inland sites.
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Fig. 5. Observed daily variation of the difference in wind speed between the maximum in the LLJ and the minimum
above the jet for east coast sites and inland sites. The symbols indicate individual measurements and the lines
give average values. The solid and the dashed lines show, respectively, the mean of all east coast sites and all
the inland sites containing low level jets. The inland sites are typically located 5-10 km from the southeast coast of

Gotland.
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Case 2: Decreasing wind speed over sea

In the case study made above, the strongest winds
were found over the sea while the wind speed
was lower over the land. Although climatological
results have shown clearly that winds are gener-
ally stronger over the sea than over the land (see
e.g. Bergstrom 2001), this is not always the case.
Kéllstrand et al. (2000) described an experiment
with airborne measurements for 3 May 1997, a
day with strong winds. They found that the wind
speed decreased at low levels when advected out
over sea, where a stable boundary layer (SBL)
was evolving. Winds decreasing with the offshore
distance can be explained by a reduced momen-
tum transfer inside a stable boundary layer. This
phenomenon was also caught in simulations with
the MIUU model. In this case the geostrophic
wind at surface level was 15 m s~ and increased
to 46 m s at the 3000 m height. The sea sur-

ms—1

150 200 250 300 350 400
(km)

face temperature was 4 °C, whereas the land was
heated to about 10 °C during the day.

In order to investigate the reasons for the
findings by Killstrand et al. (2000), a sensitivity
study using the MIUU model was carried out.
A 3D simulation with the Baltic domain was
performed in order to recapture the scenario of
3 May 1997. The geostrophic wind was from
northwest. It is clearly seen in the modelled wind
field at the 49-m height at 14:00 LST how the
wind speed decreased when the air advected out
over sea from the coast of the Swedish mainland
(Fig. 6). The wind speed over the mainland
was about 10 m s, decreasing to 7 m s~ before
entering the west coast of Gotland where the
wind speed again increases over land.

A similar simulation was made without the
thermal wind, i.e. the geostrophic wind was set
to a constant value of 15 m s at all heights in
the model. The resulting wind field at the 49-m
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Fig. 8. The evolution of the SBL from the east coast of the Swedish mainland to the west coast of Gotland. — a:
results from the simulation with thermal wind. — b: the results without thermal wind.

height at 14:00 LST is seen in Fig. 7. In this case
the wind did not significantly slow down when
coming out over the sea, nor did it increase again
over Gotland.

The absence of a large-scale thermal wind
means that less momentum may be transported
downwards to lower levels in the atmosphere.
Especially in the turbulent unstable boundary-
layer over land, this results in a lower wind speed
for the barotropic case (Fig. 7) as compared with
the case with a thermal wind (Fig. 6). The land
and sea temperatures were about the same in the
two simulations.

The thermal wind also affects the height
and growth of the SBL over sea. A thermal
wind enhances mixing, resulting in a deeper and

somewhat colder stable layer (see Fig. 8). For
the case with a thermal wind, the modelled SBLL
grew from around 100 m to around 200 m from
east of the Swedish mainland to a point just west
of Gotland. For the barotropic case the modelled
SBL height was 75 and 150 m at the same loca-
tions.

In order to further investigate the influences
of the thermal wind, and also other parameters
such as the geostrophic wind speed, temperature
differences between the land and sea as well as
large-scale temperature profile, several 2D simu-
lations were performed with the MIUU model.

Changing the gradient of the geostrophic
wind (the thermal wind) between 0.01 s™' to
0 s7! in the simulations, we can see that the wind
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decreased when advected out over sea in all
cases, but the significance was much higher for
the large vertical gradients of the geostrophic
wind (Table 1). It can also be seen that the depth
of the convective mixed layer over the Swedish
mainland increased with an increasing thermal
wind speed.

Simulations were also made with a con-
stant thermal wind speed, i.e. the geostrophic
wind speed increased by 31 m s in the lowest
3000 m, but with different strengths of the geos-
trophic wind (Table 2). When the geostrophic
wind was reduced in strength, but with the strong
thermal wind remaining, the offshore decrease in
wind speed was even more dominant. However,
as the geostrophic wind decreases, sea breezes
started to evolve near the coasts. This led, of
course, to quite a different scenario.

The temperature difference between the land
and sea may also be an important parameter. In
the case described by Killstrand et al. (2000),
the surface temperature over Gotland at 14:00
LST was around 9 °C while the sea surface tem-
perature was 4 °C. Decreasing the land surface
temperature resulted in a shallower SBL (not
shown) and the wind speed did not decrease
as much over the sea (Table 3). The same took
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place if the temperature profile used as an ini-
tialization in the model was more stable.

As mentioned earlier, climatologically the
wind speed obviously increases over the sea.
The difference in the cases discussed here com-
pared to the “normal” case was that a relatively
deep internal SBL was building up over the sea.
The depth of the SBL was enhanced by a strong
thermal wind and large temperature difference
between the land and sea. If the SBL is more
shallow (as e.g. in the case shown in Fig. 3), the
wind will increase over sea, except in a shallow
layer close to the surface.

Simulations with Gotland as an
isolated island

Simulations with Gotland as an isolated island
in a large sea were made in order to get a
refined picture and understanding of the proc-
esses affecting the wind fields around an island
and generally in coastal areas. The scenario was
based on the simulation of 22 May when the
mid-day elevation of the sun was large resulting
in high insolation. At the same time the sea was
still cold after the winter and the temperature

Table 1. The effect of thermal wind on offshore decrease of wind speed at the 49-m height.

Thermal Wind speed Wind speed Wind speed Surface Depth of
wind speed offshore east offshore over Gotland temperature convective
from surface coast of the west coast of (ms™) on Gotland layer over
to the height mainland Gotland (°C) the mainland
of 3000 m (ms™) (ms™) (m)
(ms)
1510 46 10.4 7.9 10.2 9 4000
15t0 25 8.1 7.2 8.2 9 2500
15t0 15 7.2 7.0 75 9 2000
Table 2. The effect of geostrophic wind on offshore decrease of wind speed.
Thermal wind Wind speed Wind speed Wind speed Surface Depth of
speed from offshore east offshore west over Gotland temperature on convective
surface to the coast of the coast of (ms™) Gotland (°C) layer over the
height of 3000 m mainland Gotland (m s7) mainland (m)
(ms™) (ms™)
1510 46 10.4 7.9 10.2 9 4000
10 to 41 6.0 24 6.7 9 3500
510 36 3.7 1.5 3.8 9 3800
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differences between the land and sea were com-
monly large during the daytime. Tests were made
with background winds coming from five differ-
ent directions (west, southwest, south, southeast
and east) and having different strengths (2.5—
10 m s™'). The influence of surface properties
was also studied by deleting parameters such as
the surface roughness, topography and daytime
heating of the island.

Time evolution of the thermally driven
flow

In order to show the time evolution of the
thermally driven flow, a simulation with a 2.5
m s geostrophic wind from southwest was
chosen. This is the case for which the largest
thermally driven flow evolved and the physics
was therefore well illustrated. This case was
comparable with the weather situation on 22
May, except that it was simulated using a smaller
computational domain.

In the morning, the sun started to heat
Gotland. This led to the evolution of a convec-
tive layer that grew in height with time. In com-
bination with the higher roughness of the island,
the wind speed decreased over the land and
the flow tended to go around the island instead
(09:00 LST), creating two weak low-level jets at
both sides of the island, leaving very weak winds
over the land (Fig. 9).

As the land surface became warmer (12:00
LST), the convective layer increased further in
depth, building up a thermal low over the island,
and the temperature gradient between the land
and sea increased. This in turn gave rise to a ther-
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mally driven flow at the east coast of Gotland,
enhanced by the background flow. The jet at the
west coast weakened because it was opposed
by the background flow. At this time the costal
winds had started to veer against the coast of the
island, creating a front (convergence zone) with
a low wind speed over the interior of the island
where the sea breeze circulations met. This fea-
ture grew during the day when the land surface
temperature reached a maximum of 15.5 °C and
the convective boundary layer grew up to 1000
m (15:00 LST). Further to the north in the lee
of the island, an area with low northerly winds
was found. There a light sea breeze started and
evolved during the day, affecting the flow also
during the evening.

In the evening (20:00 LST) when the warm-
ing of the land ceased, the forcing of the ther-
mally driven flow disappeared and the jet at the
east coast weakened. Without the thermal forc-
ing from the island, the remnant of the jet was
advected away with the background flow (00:00
LST).

Note that the difference between the west
coast and the east coast, seen in the measure-
ments for southwesterly winds (Fig. 4), was
caught by the model simulation. The resemblance
between the simulation and the measurements in
terms of how the east coast jet spread in over
land in late afternoon is also worth noticing. It
can be clearly seen from the dashed curve in Fig.
5 that the jet existed also over land and evolved
in the same manner as over the sea, but with the
difference that the jet over land was somewhat
smaller in magnitude. In the simulation (Fig. 9)
the jet also spread over land in the early evening.
Also the turning of the wind towards the south

Table 3. The effect of temperature differences between land and sea on offshore decrease of wind speed.

Thermal wind Wind speed Wind speed Wind speed Surface Depth of
speed from offshore east offshore west over Gotland temperature on convective
surface to the coast of the coast of (ms™) Gotland (°C) layer over the
height of 3000 m mainland Gotland (m s77) mainland (m)
(ms™) (ms™)

1510 35 8.1 5.2 8.8 9-10 3000
1510 35 8.3 5.7 9.0 9 3000
1510 35 8.7 6.6 9.1 8 2500
1510 35 8.5 6.9 9.3 6-7 2300
1510 35 8.5 7.8 9.7 5-6 1800
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at the east coast, as seen in model results (Fig.
9), was observed in the measurements (arrows
in Fig. 4e).

The effect of the background wind

In order to illustrate the influence of the back-
ground forcing, simulations with geostrophic
winds of different strength and direction (west-
erly, southwesterly, southerly, southeasterly and
easterly background winds) were made. The
magnitudes of the forcing were set to 2.5, 5,
7.5 and 10 ms™'. For the simulations with a
geostrophic forcing of 2.5 and 5 m s™', large ther-
mally driven flows were created. For stronger
forcing, this feature was not as pronounced, a
result that agrees well with earlier studies (e.g.
Arritt 1993).

The wind field at a height of 72 metres over
Gotland and the surrounding sea at 16:00 LST
for the forcing of the geostrophic wind speed of
2.5ms™ coming from five different directions:
west, southwest, south, southeast and east, was
investigated (Fig. 10). The highest wind speeds
were found at this time and height for all five
simulations. The presence of the island induced
thermally driven flows for all directions of the
forcing, even though this feature was strongest
for southwesterly background winds. Most prob-
ably this is due to the shape of the island and the
coastline curvature.

In all five scenarios, a high-wind zone
evolved when the wind came in contact with
the right-hand side of the island and approached
the lee side. Here the wind speed became super-
geostrophic (i.e. higher than the background
wind) in all the cases, with a low-level jet maxi-
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Fig. 10. Modelled wind at 16:00 at the height of 72 m for the geostrophic wind forcing of 2.5 m s~ coming from

west, southwest, south, southeast and east.

mum at a height of around 50-100 m and veer-
ing of the wind towards the coast of the island.
Further downstream the jet, on the very lee side
of the island, an area with low wind speeds was
found for all directions of the background flow,
and just as in the case described in the previ-
ous section, a weak sea-breeze circulation was
started in this area.

The wind field in a vertical south—north cross
section just east of Gotland at 16:00 LST for the
geostrophic wind speed of 2.5 m s7! from south-
west, shows that above the low wind area, seen
in Fig. 10, there was a second jet at around 1000
m height (Fig. 11). Also, there was a belt of low
winds reaching all the way up to about 2000 m,
quite high above the large thermally driven jet.
This was due to the return flow associated with
the sea breeze opposing here the large-scale
southwesterly wind.

For the stronger forcing of 7.5 ms™ from
the southwest (Fig. 12), the effects of topog-
raphy and surface roughness dominated over
those of thermally driven flows. The wind speed
decreased when approaching the windward coast,
and over the interior of the island its strength at
the 72-m height was approximately half of that
over the sea. For continuity reasons the winds

were higher than the geostrophic forcing at both
sides of the island. In the lee of the island, a band
of low winds was found.

Divergence

The effects of thermally induced flows may also
be studied by looking at the horizontal diver-
gence expressed as

S = du oy

VeU . + P (1)
where 17 is the total wind vector, and u and v
are the components of the wind speed in the
x and y direction, respectively. The horizon-
tal divergence for the simulation of 22 May,
with the geostrophic wind speed 2.5 m s~ from
southwest (see Fig. 9, 16:00), shows that at
the windward coast a weak convergence zone
was formed (Fig. 13a) when the offshore wind
entered the coast and met the flow with lower
wind speeds over the island, resulting from tur-
bulence coming mostly from convection but
also from an increase in surface roughness (light
colour in the plot). At the leeward coast where
the strongest winds evolved, there was a sharp
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edge between divergence and convergence. The
wind near the coastline turned towards the coast
and met with the wind coming over the island
from the windward side, creating a convergence
zone over the coastal strip (white in the plot).
Over the sea where the LLJ was located, diver-
gence was found (black in the plot).

Also, there were bands of convergence reach-
ing from coast to coast, created by the thermally
driven flows. The northernmost of these bands
was found where the flow from the northern sea
breeze met with the inland flow. The southern-
most band might have been related to the topog-
raphy. These bands of convergence coincided
with the bands of low winds (see Fig. 9, 16:00
LST) and were probably also associated with
convective cloud formation.

In the evening at 20:00 LST the pattern
was somewhat different (Fig. 13b). There was
convergence neither at the windward coast nor
on the leeward coast. The convection had been
ceased. The bands of convergence seen earlier
in the day were displaced by the general flow,
advected eastward as the stratification above the
island started to stabilize. However, the conver-
gence was still strong at the location where the
northern sea breeze flow met with the flow from
over the island.

Comparisons between our results and those
presented by Samuelsson and Tjernstrom (2001)
showed some resemblance. They performed a
study of horizontal divergence over a Swed-
ish lake in June and got a dipole pattern with
divergence upstream the lake and convergence

Fig. 12. The modelled wind field at the 72 m height at
16:00 LST. The geostrophic wind speed was 7.5 m s
from the southwest.

downstream. This pattern was most pronounced
in early morning. They explained this by reduced
roughness over the lake, and that convection
helped the acceleration over the lake during the
night time, while in daytime the stably-strati-
fied air over the lake progressively impeded the
acceleration.

In the present study the same features, with
convergence at the upwind coast (when the wind
comes from the sea, reaching the coast) and
divergence at the downwind coast could be seen.
However, the divergence field got more complex
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Fig. 13. Divergence (s™') of the modelled wind field at the 72 m height at (a) 16:00 LST and (b) 20:00 LST. Model
results are for a south-westerly geostrophic wind speed of 2.5 m s~'.

than in the lake study. There are several reasons
for this. In the present study, the island had a
higher surface roughness and topography than
the surrounding sea, which was just the oppo-
site to the study of the lake. Furthermore, the
coastlines were more complex and the island
was larger, giving rise to larger thermally driven
flows that changes the divergence field.

Surface properties

In order to further illustrate the physics behind
the modifications of the wind field due to the
presence of an isolated island in the sea, the
surface properties of the island were changed.
The results were illustrated by the wind field at
16:00 LST at the height of 72 m above the island
Gotland for a geostrophic forcing of 5 m s~! from
southwest and for different surface properties
(Fig. 14).

If the diurnal heat changes were taken away
from the island, i.e. setting the temperature to a
constant value equal to the sea water tempera-
ture (Fig. 14b), but the topography and surface
roughness were kept intact, the wind did not

slow down over the island in the same manner
at this height as in the real case (Fig. 14a). How-
ever, there was still a small (very local in height)
wind maximum just north west of the island.

By removing only the topography (Fig. 14c),
the flow did not change significantly from the
real case (Fig. 14a). Of course, this does not have
to be a general result, since the topography is
quite moderate on Gotland (as most about 50-70
m above the sea level).

When the surface roughness of the island was
decreased to the same value as for water, but the
heat was allowed to change diurnally (Fig. 14d),
it was seen that the strength of the thermally
driven flow was dependent also on factors other
than the temperature difference between the land
and sea. This is because the maximum was much
smaller now than with the real island. The sur-
face roughness played also an important role for
the development of the wind field. An increased
roughness resulted in a lower wind speed over
the island up to a certain height, depending on
the background wind. Parts of the air then took
the path around the island instead of over it,
producing a maximum at the eastern and western
coast of Gotland.
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Fig. 14. Modelled wind speed at the 72 m height at 16:00 LST for a geostrophic wind forcing of 5 m s~'and for dif-
ferent surface properties: (a) a real Gotland, (b) no heating, (¢) no topography, (d) no topography and no surface

roughness.

It can be concluded that the heating of the
island, together with the surface roughness,
played the most important roles in the modifica-
tion of the wind fields in these simulations.

However, as discussed by Stein and Alpert
(1993), it may be misleading to take away only
one parameter at a time in order to see the influ-
ence on some other parameter, in this case the
wind field. The parameters do, of course, inter-
act. Therefore it is of great importance to test
all possible combinations of the chosen param-
eters. The results of such tests (Table 4) indicate
similar results as seen earlier when looking at
the plots (Fig. 14). Deleting the topography did
not change the results very much: the standard
deviation of the difference between the wind
field in the topography-less simulation and in the
simulation with the real island was only 0.23.
The largest change was found when taking away
the heat variation together with surface rough-

ness, or when the entire island was taken away.
There was hardly any difference in the standard
deviation when deleting the heat variations alone
as compared with that when deleting the heat
together with topography.

It should be pointed out that the standard
deviation of the difference in the wind field
between a certain simulation and reference run
does not give an exact measure of the impor-
tance of a parameter. From a numerical value it
is not possible to say if the strength of the wind
changed or if the maximum of the wind changed
location. However, together with the analysis
leading to Fig. 14, it is clear that the temperature
variation and surface roughness are very impor-
tant factors influencing the wind field. The mean
of the difference between the wind field in the
case with a real island and the other simulations
were all close to zero. This is expected because
the mean was taken over all the grid points in the

Table 4. Results from simulations made to investigate the importance of surface properties. x = the parameter is
present in the simulation; — = the parameter is absent. The standard deviation and mean are calculated for the dif-
ference between the simulation with a realistic island and the actual simulation.

Name of simulation Topography Surface Heat SD Mean
roughness variations

Realistic island X X X 0 0

No topography - X X 0.23 0.017
No heat difference X X - 1.17 0.030
No topography, no heat difference - X - 1.19 0.011
No surface roughness difference X - X 0.97 0.054
No topography, no surface roughness difference - - X 1.00 0.077
No heat, no surface roughness difference X - - 1.32 —-0.102
No island present - - - 1.30 0.007
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Fig. 15. The ratio between modelled mean wind speed and geostrophic wind speed as a function of the geostrophic
wind speed. West coast and east coast sites as indicated by the shaded areas on the map are shown respectively.
Four different directions of the geostrophic forcing have been used.

domain, and because at some locations the wind
was stronger than in the real case while in some
other locations it was weaker.

Supergeostrophic winds at the
coasts of Gotland

Simulations with the Baltic computational
domain were used to study the occurrence of
supergeostrophic winds and their importance for
the wind climate.

Supergeostrophic winds

The ratio between modelled mean wind speed
at the 72 m height at 16:00 LST and geostrophic
forcing for four different geostrophic directions
and for areas at the west coast and east coast of
Gotland are shown in Fig. 15. The shaded areas
could be seen as potential wind farms. Results
from the model runs covering the whole Baltic
Sea area have been used.

The wind generally became more superge-
ostrophic for low background winds (Fig. 15).
The large-scale forcing was then less dominant
and the effect of thermally driven flows thus
became stronger. The highest winds were found
for southwesterly forcing due to the chosen loca-

tions of the sites. If different locations had been
chosen, another direction of the forcing would
have given the largest ratio (cf. Fig. 10). How-
ever, the principles are the same.

For a southwesterly forcing of 2.5 m s, the
modelled wind at the east coast (arithmetic mean
of the three shaded areas) was up to 2.8 times
higher than the geostrophic wind. The wind cli-
mate at the east coast was in this case dominated
by a large thermally driven flow (cf. Fig. 3). This
resulted in a supergeostrophic jet with a maxi-
mum strength at about 100 m height in late after-
noon. On the west coast (arithmetic mean of the
two shaded areas) the wind also became stronger
than the geostrophic wind during the afternoon.
The main reason for this was the thermally
driven flow originating from the Swedish main-
land rather than local effects due to Gotland.

Comparison with observations

Measurements showed that the modelled ther-
mally driven winds were indeed also observed.
The data from Ostergarnsholm and Nisudden
were used (Fig. 2). At both sites the measure-
ments were made with cup anemometers mounted
on towers, and the data used here were taken at
the heights of 28.6 and 75 m. The measured wind
speed data were collected from the beginning of
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Fig. 16. Measured wind speed plotted against the geostrophic wind speed for the years 1995-1998 at two sites:
Ostergarnsholm (28.6-m height) and Nasudden (75-m height). Plots a and b show individual measurements, taken

at six-hour intervals, while plot ¢ shows the average wind speed divided into 1 m s~ bins.

June 1995 until the end of December 1998. The
geostrophic wind was calculated every 6th hour
for the same period, using sea level air pressure
fields.

When the observed wind speed for all direc-
tions is plotted against the geostrophic wind
speed at every sixth hour during the measuring
period, it is clear that the measured wind speed
decreased compared to the geostrophic wind as
the geostrophic wind speed increased (Fig. 16).

When the average of the measured wind
speed determined for 1 m s~ bins of the geos-
trophic wind is plotted against the geostrophic
wind speed, it is clearly seen that for a geos-
trophic wind speeds <5 m s, the actual wind
speed was generally higher than the geostrophic
wind speed due to the mesoscale effects (Fig.
16¢). To the contrary, for stronger geostrophic
winds (> 5 m s™') the actual wind was generally
lower than the geostrophic wind speed. This is
expected, since in the latter case the friction at
the surface became more dominant and the flow
could be expected to be more in balance with the
large-scale forcing. Since most of the wind data
were collected for marine conditions, the waves
were also higher at stronger winds, resulting in
an increased surface roughness.

Discussion and conclusions

It has been shown that thermally driven flows
affect the wind field (and gradients) not only in
coastal areas, but also over large offshore areas

of a semi-enclosed sea like the Baltic Sea. These
flows often give rise to sea breezes, low level jets
and supergeostrophic winds. For low geostrophic
wind speeds (< 5 m s7') the diurnal heating of the
land areas is the main reason for the modifica-
tion of the wind climate over the Baltic Sea,
whereas for higher wind forcing the changes in
the surface roughness between the land and sea
also have a large impact. Gotland is too flat in
order for the topography to affect the wind field
significantly.

Using the advanced mesoscale atmospheric
MIUU model it was possible to reproduce the
complex features in the wind field that were
found in measurements. This made it possible
to use the model for studying both spatial and
temporal variations in the wind field with a much
higher resolution than what would have been
possible using observations alone.

Although the wind speed was climatologi-
cally higher over sea than over land, it was found
that during special conditions the wind speed
can also decrease when the air is advected from
land out over a cold sea. This phenomenon most
likely occurs for strong geostrophic winds when
also a strong thermal wind is present. Also the
temperature difference between the land and sea
has to be large. These factors assist in creating
a deeper SBL, which reduces the wind speed
at lower heights. If the geostrophic wind is not
strong enough, sea breeze circulations start to
evolve, giving rise to quite a different situation.

The actual shape of the island and coastline
determines the magnitude and horizontal extent
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of the flow modifications, when the rest of the
forcing (i.e. geostrophic wind, thermal stability,
etc.) and surface properties are the same. For all
background winds tested, the strongest thermally
driven flow appeared behind the right-hand side
of the island seen from the direction of the pre-
vailing wind (Fig. 10). A thermal low buildup
over the island during the day, being the driving
force for the flow modification. To the right this
local flow supported the background wind, while
to the left it was opposed to it. Over Gotland,
the strongest flow was found for southwesterly
winds, when the wind entered along the south-
eastern coastline of the island.

The size of the thermally driven flow was
also dependent on the size of the heated land
area. The wind modification originating from the
Swedish mainland may affect an area as large as
the entire Baltic Sea, illuminating the importance
of these flows for the wind climate, as well as
of using a large enough model domain. Another
important factor is the temperature profile used
for the initialisation of the model. With a less
stable atmosphere the convective boundary layer
may grow higher over an island than for more
stable conditions. There are indications that both
horizontal temperature gradient and height of
the boundary layer are important factors for the
magnitude of the thermally driven flow.

The climatological impact of thermally driven
flows is not obvious. For different directions of
the background flow, the thermally driven wind
maxima and minima are located differently. Cli-
matologically some of them will cancel out.
They are less pronounced during some parts of
the year when the insolation is lower and the sea
is relatively warmer compared to land, making
the temperature gradient between the land and
sea smaller or even reversed. Also, at night the
thermally driven flows usually die out. These fac-
tors together, shown by Bergstrom (2001), result
in a climatological change in the wind speed that
is typically within +2% over the Baltic Sea, as
compared with a scenario with no temperature
changes between the land and sea. However,
looking at the root mean square differences
for the climatological case, Bergstrom (2001)
showed that the mean change in the wind speed
is typically around 10% with extremes of up to
60%. This points to the fact that thermally driven

Térnblom etal. + BOREAL ENV. RES. Vol. 12

flows have a large impact on the wind field over
the entire Baltic Sea on a shorter time scale. We
have shown here that also observations clearly
indicate this large impact on annual averages,
e.g. resulting in supergeostrophic wind speeds
at around 30-75 m height for geostrophic wind
speeds below 5 m s, while the impact decreases
with increasing geostrophic wind speed.

It can be concluded that thermally driven
flows are climatologically important and affect
directly people living in the areas with thermal
flow modifications. They are also important for
transport of air pollutants and propagation of
sound, which may be affected by the sharp gra-
dients of wind (and temperature) that appear in
close connection to these flows in coastal areas.
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