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Abstract

Two days in May 1997 has been studied. During one of the days a sea breeze circulation
occured, and the two days were compared in search for effects from the sea breeze on the
fluxes in the marine boundary layer. Measurements were made on a tower at the small
island éstergarnsholm east of the island Gotland, and by an instrumented aircraft over
the sea east and west of Gotland.

The direction of the geostrOphic wind were about northwest during the time period, but
17 m/s during May 3 and 7 m/s during May 4. The stratification was stable over the
main part of the Baltic sea because of the large temperature differences between land and
sea surfaces. But as the sea breeze developed and the wind direction turned to the south~
east, the stratification at (")stergarnsholm changed to near neutral. Both the wind speed
and the fluxes decreased with distance from the Swedish mainland and the west coast of
Gotland, and the fluxes were over all very small. The momentum flux showed no big dif-
ference between the days. Because of the decrease with the distance from the coast and
the wind speed it was concluded that the stratification was of greater importance than the
sea breeze circulation for the momentum fluxe. But the heat flux was affected by the sea
breeze. Because of the sea breeze the stratification became neutral, and thus the heat flux
very small.

The presence of swell in the baltic sea was also studied. The correlation coefficient gave
unexpected result during May 3, with no difference for swell and no swell conditions. The
angle between the swell and the wind wave was about 90° during both days, and could not
be the reason for the difference. During the May 3 the stratification was mostly stable,
while it on May 4 was unstable. It is suggested that this could be a reason for the behaviour
of raw.
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Errata
30 maj 2000

Section 4.4.1 page 17, figure ll, last line
Reads: For z/L>0thesolidlineis
Should read: For z/L>O the solid line is Eq 6, and the dashed line is Eq
7.

Section 4.7 page 27, first line
Reads: In figure 19 the negative correlation coefficient...
Should read: In figure 19 the correlation coefficient...
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1 Introduction

Mesoscale phenomena appear frequently in the atmospheric boundary layer and affect the
underlaying surfaces. The sea breeze is such a phenomenon which has been known and
counted for in coastal areas long before anyone could explain why or how it could arise.
The Baltic Sea is a semi enclosed sea with favourable conditions for sea breeze deveIOpment
during spring and summer when the temperature difference between the land surface and
sea surface is large. A sea breeze affects meteorological parameters as temperature, wind
speed, wind direction and humidity. But how it affects the fluxes in the marine boundary
layer is not well known.

During two days in May 1997 a measuring campain in the Baltic Sea gave interesting
data. Both days were predicted to have northwesterly winds, the only difference between
them was the magnitude of the geoatrOphic wind speed. But during the second day a sea
breeze occured and gave winds of complete opposite direction, from southeast instead of
northwest. The aim of this theisis is to try to find connections between the sea breeze
circulation and the fluxes in the marine boundry layer.

The precence of swell in the Baltic Sea has also been studied. It has been noted in earlier
studies (Smedman et al., 1999, Rutgersson et al., 2000) that swell plays an important role
in air—sea interaction. During this experiment the angel between the swell and the wind
waves was about 90°, which is large compared to the data presented in Smedman et al.
(1999) and Rutgersson et al. (2000), where swell and wind waves had almost the same di-
rection. Swell occured during both May 3 and May 4, but it came from different directions.

In Section 2 the theory behind the analysis in this theisis will be explain. In section 3
the site and the measuring methods will be described. Section 3.3 will give an overview of
the weather situation during the time period analysed. And in section 4 and 5 respectively
the results and conclusion will be discussed.



2 Theory

2.1 Monin—Obukhov similarity theory

The Monin—Obukhov (M-O) similarity theory is used to find universal expressions for tur—
bulence parameters in the turbulent atmospheric boundry layer. It is the theory most
commonly used in the surface layer (or constant flux layer) but it can only be applied for
cases where the winds are not calm, and the friction velocity not equal to zero (Stull, 1988).

The first step is to find the relevant scaling parameters, which according the MD the—
ory are height above ground, 2, the friction velocity, 16*, a characteristic temperature, T...
and the boyancy parameter, g/To 2:: fl, where

15...: ~u’w’ :2» (1)

T, __ @511.
711*

Wis the sensible heat flux and ~W is the momentum flux. 11’, v’ and w’ are the
pertubations of the 11, V and W wind components. 6” is the pertubation of the potential
temperature. These parameters can be combined to the following dimensionless expression
for the stability.

z __ {7n!
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Where g is the acceleration due to gravity, k von Karmans constant and To a reference
temperature. L is called the Monin—Obukhov length and defined as

it: ToL2: —- m,
gkw’fi

At near neutral stratification, Wis close to zero giving that L -——> 00, and z/LzzO. Sta-
ble stratification is due to m < 0 which gives L > 0, and unstable stratification to
W > 0,which gives L < 0. L is independent of the height in the surface layer where {275
and in, are constant.

MO similarity theory predicts for example that the standard deviations of the velocity
components, normalized with the friction velocity are unique funcions of the dimentionless
variable z/L, e.g.

ow ____ E.
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where $3 is a function that must be determined empirically. Panofsky (1984) refer to earlier
studies that suggest a possibility that (153 also depends on the ratio between wave speed and
wind speed, when measured over Open water. This will be considered later on in this theisis.

From several erlier observations, the following values of normalized standard deviations
at neutral stratification, z/L equal to zero, are estimated.

53‘: .___.. 2.39 i 0.03 (2)

0vI; ..____ 1.92 :1: 0.05 (3)

g??- z 1.25 i 0.03 (4)
For unstable stratification the following expression is suggested by Panofsky (1984).

0w 2 1/3
——-—— -—...~- 1.25 l -- ——-

And for stable stratification Rutgersson et al. (2000) suggests the following expressions for
conditions with and without swell.

0 Zi”— : 1.4 0.15-—m + L (5)

0,, z—--- 2 1.23 . -—m + 0 58 L (7)
Where Eq 6 is for swell conditions and Eq 7 is for no swell conditions.

2.2 Sea breeze

In midlatitudes, the most favourable conditions for a well develOped sea breeze is in spring
and summer, when there exists a large surface temperature difference between land and
sea. Figure 1a shows the isobars when there is no difference in temperature or pressure
between land and sea, and thus no winds. In the morning, the land surface starts to heat
up, and an offshore pressure gradient is formed, with the slopes increasing with height. A
weak offshore flow now starts, creating low—pressure at the ground (Figure 1b). This leads
to an onshore flow at lower levels, as seen in Figure lo; a seabreeze circulation has begun.
During the night the temperature over land drOps more rapidly than the temperature over
sea, and thus the circulation is reversed to that during the day. But the nightly land
breeze is much weaker than the sea breeze. The circulation will continue as long as the
temperature difference between land and sea remains.
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Figure 1: Figure of the onset of a sea breeze circulation. (Figure from Liljequz’st, 1962)

If there are very weak geostrOphic winds, the seabreeze responds clearly to the pressure
gradient, which makes it easy to discover in observed variables. When a seabreeze com-
mences, the temperature drops and the windspeed and the humidity increases (Atkinson,
1981). It is the onshore wind of the seabreeze that is usually observed. The return flow on
the other hand is more difficult to detect, and was first found through theory.

The sea breeze circulation is never free from influence of external factors. The gradient
wind, its strength and direction is one importand factor In a case with strong gradient
winds the seabreeze is weakend or never developed Onshore winds suppress the deve10p~
ment of the horizontal temperature gradient, the pressure gradient, and thus the seabreeze.
Another important atmOSpheric factor is the stability, but there has not been many inves-
tigations about it. One clear statement though is that there is a relationship between sea
breeze and vertical stability.

Other non atmospheric factors are the effects of topography and the Coriolis force. When
a sea breeze circulation begins, its horizontal and vertical extension is not very large,
and thus not affected by the Coriolis force. The circulation will be perpendicular to the
coast line. But as the sea breeze grows with time it will turn clockwei e (on the northern
hemisphere) due to the rotation of the earth.

2.3 Swell

When the wind blows over a sea surface, it transports energy and momentum from the
atmosphere to the sea and waves start to build up. Waves will continue to rise till they
reach a maximum that is determined by the wind speed and the fetch. At this time the sea
is what is called fully developed, and waves can no longer grow in size under the existing
conditions. The energy supplied by the wind is equal'to the energy lost by some waves
breaking and other waves leaving the area (Pinet, 1998).



If the wind speed decreases, the wave speed may exceed the wind speed, and this is called

swell. The wave age, defined as CO/U10, where on is the phase speed of the dominating

waves and U10 is the wind speed at 10 m, must be larger than 1.2 to give a condition of

swell (Smedman et al, 1999). Values smaller than 1.2 indicates a young, growing sea. Dur-

ing swell conditions the surface waves tranSport momentum upwards to the atmosphere,

instead of the Opposite which is happening during growing sea. There should be noted

though, that despite this definition, there is no guarantee of an absense of either swell or

wind waves, just because of that specific value of wave age. TranSport of momentum is

possible in both directions at the same time, but at different frequences, which will be

discussed in section 4.7.

2.4 Internal boundary layer

When air is advected over a discontinuity in the surface, an internal boundary layer (IBL)

is formed. It is called internal because it is formed within an already existing boundary

layer. When measurements are to be made, it is of great importance to know wheather

they are made inside or above the IBL. If the instruments are located above the IBL,

the measurements will represent the fetch before the surface discontinuity, and if they are

located inside the IBL, it is the fetch after the discontinuity that will be represented.

Figure 2: Growth of the internal bounary layer depth, 6, as a function of fetch, :23. (Figure

from Stall, 1988)

If there is a large temperature difference between the two surfaces, for exemple the air

is transported from a warmer land surface out over a colder sea surface, the IBL will be

stably stratified. Earlier studies has shown that in spite of this there is a possibility for

a marine boundary layer to be neutrally stratified. Smedman et al. (1996) studied this

and found that the stable IBL converges to a constant height with growing distance from

the coast, and the dependence of the fetch becomes less important. The air closest to the

surface will start to cool because of the turbulent heat transport from the air to the water.

The sea surface tern‘erature will remain almost constant due to the large heat capacity of
3‘3"



the sea. The temperature gradient in the air will decrease and after a while an equilibrium
is reached, and that means neutral stratification.

3 Site and measurements

The main measuring site is over the island of Gotland and the waters east and west of
it. Gotland is situated in the Baltic Sea, which is a semi enlosed sea surrounded by the
Baltic States and Eastern Scandinavia (Figure 3). The only outlet of water is through
éresund and the Danish Straits. This makes the marine boundry layer over the Baltic
Sea always affected by land and the air advected from it, regardless of the wind direc-
tion. During spring and summer there is a considerable temperature difference between
the warmer land and colder sea surface. This gives a stable stratification when the warmer
air is advected out over the cold sea. This is the case for as much as about two thirds of the
year (Smedman et a1, 1996). The large temperature difference also makes the sea breeze a
common phenomenon in the area during this time period. The opposite, with colder land
surface and a warm sea occurs during early winter.

Finland
60 Ostergamsholm

‘ "“5 [1 . ‘

‘0. ‘
V Tower

Gotland Waverider buoy

The Baltic States

i 55 O 5
r. l i I i r 1

km

Figure 3: Map over the Baltic Sea.

3.1 éstergarnsholm

Ostergarnsholm is a small island situated about 4 km east of Gotland. It is very flat with
no trees, the southern cape rising no more than a couple of meters above the sea level. At
the most southern tip a 30 m tower is situated, with a distance to the shoreline of about
10-20 m. The tower has a free fetch from 60° to 350°. All data with a wind direction that
differ from this range are removed and not concidered in this theisis, since these would be
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affected by the tower. The directions between 70° and 220° have an Open water fetch of
more than 100 km.

S1QW response instruments are placed at five levels on the tower. At the heights 7,12,
14,20, and 29 m above the tower base, with sensors for temperature wind speed and di-
rection. Turbulence instuments are Solent Ultrasonic Anemoneter 10121-12, and placed at
9, 17 and 25 m above the tower base. ’Profile data’ were recorded with 1 Hz and turbulence
data with 20 Hz. Humidity is measured at 7 m.

Radio soundings were carried out with Vaisala R880—15 sonds, which gave profiles up
to 15 000 meter of temperature, humidity and air pressure. They were released at about 8,
11 and 13.30 the first dayl, and 8, 10, 12 and 14.30 the second. The accuracy of the sensors
are; 2 % for humidity, 0.1 °C for temperature and 0.5 hPa for pressure (Kallstrand, 1998).
Pibal trackings were made four times both days. By following a ballon With a theodolite
measuring the elevation and azimut angles and ascending vertical velocity, the wind speed
and wind direction can be evaluated.

A waverider bouy was situtated at 57°25.0’N 19°3.3’E, which is about 4 km southeast
of (")stergarnsholm, moored at about 40 m depth. Height, frequency and direction of the
waves were measured as well as the water temperature. The data used are averages over
one hour. Data from this bouy also gave wave spectra, as will be exempled in later on in
this theisis. Comparison data from Ostergarnsholm 1s taken from the lowest level in the
tower.

3.2 Aircraft measurements

Aircraft measurements were taken with the Met Research flight 0-130 aircraft, and per-
formed by the UK Met Office, Within the EU projekt STAARTE (Scientific Trainingand
Access to Aircraft for AtmOSpheric Research Throughout EurOpe). Altitude was measured
with a radar altimeter, and the aircrafts position in latitude and longitude was given by a
Navstar XR3 Satellite GPS (Kallstrand, 1998).

The 0—130 aircraft is equipped to make a wide variety of atmospheric observations, and
carries a very Wide range of instruments all over its body. The long striped probe on the
nose allows sensitive instruments to make measurements in a region outside the influence
of the aircraft itself, which is importent for turbulence measurents for exemple. Except for
basic meteorological variables, such as temperature and humidity, the aircraft is instru—
mented for measurements of turbulence and fluxes, cloud micrOphysics, aerosols, radiation
and atmosperic chemistry. In this theisis one minute mean values have been used. With a
typical aircraft speed of 100 m/s, the resolution in space is about 1.6 km.

1May 3 is refered to as the first day, May 4 is the second.



Two flights have been studied, on May 3 and 4 1997. Both flights include slant pro-
files (not analysed here) along the coast and at several different distances from it, and
flight legs perpendicular to the coast at four different heights but at the same position
(Figure 4). These horizontal flight legs are the ones analysed in this theisis, and they are
flown with approximate tail wind or head wind. Flights are performed both east and west
of Gotland, with one crossing over the island at a height of about 75 m. The other heights
over the sea was during May 3 30 m, 300 m and 600 m, and during May 4 30 m, 450 m
and 900 m. All heights are approximate.

The duration of the measurements is about 3 hours each day. Between 11.00 and 14.00 on
May 3, and 12.30 to 15.30 on May 4. This means that the sea breeze circulation has been
going on for some time when the measurements start on the second day. When compared
to measurements from (")stergarnsholm, the data is taken from the highest level in the
tower, 25 m.

Figure 4: Flight pattern for the aircraft measurements from May 3 and 4.

3.3 Overview of the weather situation

Analysis of the synoptic maps from May 3, 4 and 5 gives an overview of the weather
situation. At midnight May 3 a low pressure was situated over the north of Scandinavia,
and a cold front was moving over the Baltic Sea. 24 h later the low pressure has moved
southeast, passing over northern Finland. The front has moved on to the east, and another
one is closing up east of the Brittish Islands. No fronts cross the Baltic Sea during the
measuring period.

The geostrophic wind direction changedvery little during these days. From 300°-320°
during May 3, to about 290° during May 4. But there is a considerable difference in

9
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Figure 5: Time series of (a) potential temperature, (1’)) wind direction,”(0) wind speed and
(d) relative humidity during May 5’ and May 4. Measurements from Ostergarnsholm at 7
m. May 3 ends and May 4 starts at time 24.

geostrophic wind speed. At May 3 the geostrophic windspeed was 17 m/s, while it only
reached a strength of about 7 m/s on May 4. Maximum temperature the first day was
about 281 K which occured in the afternoon. The second days maximum temperature did
not reach that high because of the sea breeze, which will be discussed seperatly in the
following section.

The water temperature was around 277 K during both days with very little variation.
Analysed maps from May 1 and 2 have been studied and winds of about 10 m/s were
found in the southern part of the Baltic Sea. In the north part of the Baltic Sea the winds
are not as strong as in the south, and are coming from north northwest. That is the reason
for the large amount of swell coming in from the south during May 3, and from north
during May 4, which can be seen in the wave spectra.
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4 Results

As mentioned in section 2.2 it should be easy to identify the onset of the sea breeze
circulation. This is actually the case during May 4 and can be seen in Figure 5. The
wind turns from northwest to southeast at about 10 AM and the seabreeze starts (Figure
5b). The temperature has begun to rise because of the heating of the sun during the day.
But at 10 o’clock the increase ends and the temperature drOps quickly about 1,5 °C, and
remain almost constant throughout the day (Figure 5a). Some data is removed when the
wind turns over north and flow distortion from the tower affects the sensors. But it’s still
possible to see that the wind first drops, and then increases with the sea breeze (Figure
5c). The humidity shows a steady rise, starting at the time of the onset of the sea breeze
circulation. (Figure 5d).

4.1 The Wind field

The wind field during this period has been studied 111 Kallstrand (1998). During May 3 the
Wind speed at Ostergarnsholm varied from a maximum of about 10 m/s in the middle of
the day, to 5—- 7 m/s in the evening (Figure 5c). But the wind direction remaind almost the
same throughout the day (Figure 5b). Kallstrand (1998) made is0plots of the wind speed
and wind direction, over both time and longitude. ls0plots from numerical simulations
over the area were also made and they show a good agreement with the measurements.
And since the flight legs are performed with a rather large vertical distance, the model is
probably a good help to estimate the wind field.

Is0plots from Kallstrand (1998) from May 4 is shown in Figures 6 and 7. The wind max-
imum east of Gotland is estimated from pibal trackings and tethered balloon soundings
at Ostergarnsholm by Kallstrand (1998) to 100-150 m . This is a little higher than seen
from the flight measurements The measured maximum is situated over Ostergarnsholm.
Accordning to the simulation the wind maximum is situated a little closer to Gotland. It
is possible that this acually was the case, since the aircraft was not able to measure there,
and could thus have missed the maximum.

The wind field between the main land and Gotland is a lot like the one east of Got—
land A wind maximum i situated right out side the coast, but its magnitude is higher.
The wind speed decreases with hight and distance from the coast. But there is no min-
ima to be spotted above the maxima, as over Ostergarnsholm. It could be, but if so it
is situated above the highest flight leg. The simulation show a small minimum just west
of Gotland, which is smaller than what is measured. The wind direction is about southeast.

The sea breeze started at 10 o’clock, but when the lowest flight legs were flown, it had
not yet developed much. The wind direction was about south. The higher flight legs gave
wind directions from northwest. Two wind minima can be seen, one over the maximum,
and the other at the same height but further away from the coast. It shows that the wind

11



speed decreases from the main land of Sweden out over the sea. This is the result of the
up—building of a stable IBL over the sea, which results in a wind speed minimum west of
Gotland.
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(1998) from aircraft measurements. Isolines Show the wind speed and arrows show the wind
direction.
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Figure 8: The potential temperature over ésterga'rnsholm during (a) May 3 and (b) May
4.

4.2 The temperature structure

Figure 8 shows the potential temperature from radio sondings during the two days. During
May 3 thereuis a thin unstably stratified boudary layer closest to the ground. This is an
effect from Ostergarnsholm, since the radio sond were launched over the island at some
distance from the tower. Over that thin unstable layer there is a stable layer of a couple
of hundred meters, which is the stable IBL which forms when air is advected from Got-
land out over the sea. The heating during during the day is due to the heating over Gotland.

The temperature structure during May 4 is somewhat different because of the sea breeze
circulation. Firstly the temperature in the lowest layer does not increase during the day.
This is because of the sea breeze and the fact that the air advected over Ostergarnsholm
travels over the sea. The stratification 1s unstable, of the same reason as mentioned above.
Above the lowest layer the stable IBL over the sea can be seen. The air is heated over
Gotland before advected out over the sea. Above this layer the temperature decreases with
height.
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Figure 9: Time serie of stability at éstergamsholm at 8 m (solid line) and 24 m (dached
line) from {a} May 3 and(b) May 4.

4.3 Stability
Figure 9 shows how the stability changes during May 3 and May 4 at (")stergarnsholm at
8 and 24 m. Notice that data is removed between about 02.00 and 7.30 during May 3
and about an hour around 10.00 during May 4 because of flow distortion from the tower.
During the first part of May 3 there is a near neutral stratification because of the high
wind speed (10 m/s) and small heat fluxes (will be shown below). When the wind speed
decreases in the afternoon the stratification becomes stable because of the warm air from
Gotland advected over the cold sea. This does not completely agree with the radio sond~
ings, who showed an unstable stratification at the lowest level. But the radio sonds were,
as mentioned above, launched over (")stergarnsholm, at some distance from the water line.
The tower on the other hand is situated almost in the water, and the air has not passed
over any land surface.

During the first part of May 4 there is an unstable stratification, even though the wind
direction still is mainly about northwest at that time, and travels over the sea. But a
closer look at Figure 5b shows that the wind starts to turn towards the north early in
the morning on May 4. Since a wind direction of 290° will just miss Ostergarnsholm, all
directions more northward than that will pass over the island, and thus give an unstable
stratification at the tower. '

In the afternoon the stratification converges to neutral. This is an effect from the sea breeze
circulation. When the air circulates it is mixed very efficient because of the turbulence
created by the sea breeze circulation. And instead of stable stratification, which could be
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Figure 10: Normalized standard deviation of the a and to components as a function of
stability during (a) and (c) May 3, and (b) and (d) May 4. The solid line mark the
suggested values at neutral stratification.

assumed when the wind turns and comes in from the sea, a mixed layer and neutral strat—
ification is reached. The fetch also contributes as mentioned above. The sea breeze grows
during the day and the fetch becomes larger. And the longer the air is transported over a
homogeneous surface like the sea, the closer the stratification reaches neutral (Smedman
et al., 1996).

4.4 Turbulence statistics

4.4.1 At éstergarnsholm

Figure 10 shows the normalized standard deviations of the u and w components as a func—
tion of stability measured at ()stergarnsholm at 8 m. Some values are not included in
these plots because of a measured ~W close to zero, which also gives a small a... (Eq.
1) and in turn a large o/u,., far out from the region given here. The solid lines mark the
values for neutral stratification recomended by Panofsky (1984) in Eq 2 and Eq 4. It can
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Figure 11: Averaged normalized standard deviation of the w component as a function of
stability during (a) May 3 and (b) May 4. Stars are from 9 m and circles from 25 m. The
solid line for z/L < O is Eq 5. For z/L > Othesolidlineis

be seen that during May 3 the stratification is mostly stable or near neutral on the stable
side, while it on May 4 is the oppostite, with unstable stratification or near neutral on the
unstable side. As could be seen in Figure 9 the near neutral stratification occurs during
the day on May 3, and is explained with the high wind speed that was present that day.
The near neutral cases during May 4 occured in the afternoon and evening, when the sea
breeze was well developed.

Mean values of the normalized standard deviations for the w components are ploted in
Figure 11. It can be seen that they follow the suggested value for neutral stratification in
Eq. 4 quite well at both levels, with following values of ow/a,‘ at neutral straticifation.

May3 8m 1.280
25 m 1.218

May 4 8 m 1.243
25 m 1.238

17
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There is also possible to find an increase in aim/u... with both increasing and decreasing
stability. But it is stronger at 9 m than it is at 25. Attention must be drawn to the fact
that the most stable and unstable mean values in these plots may have been calculated
with fewer values than in the near neutral case. For the unstable case Eq 5 has been plotted
and show quite good agreement, especially for --O.5 < z/L < 0. At 8 m ow/v... is a little
to high for smaller .2:/L to fit the curve during May 4, when the unstable stratification was
dominating. For the case z/L > 0 Eqs 6 and 7 has been plotted, where the solid line is
expected for swell conditions and the dashed line is expected for no swell conditions. The
good agreement between normalized standard deviations at the two heights is an indication
that the surface layer is at least 25 m deep.

4.4.2 Aircraft measurements

Figure 12 shows the normalized standard deviation as a function of longitude during the
both days. The measurements are made at 30 m. Stars denotes a positive momentum
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flux. And the circles mark the values from Ostergarnsholm at 25 m, measured at about
the same time as the aircraft passed by. It can be seen that the aircraft measurements
show good agrement with the tower at Cstergarnsholm. The scatter of the data west of
Gotland is a result of the low wind speed and thus low friction velocity.

4.5 Momentum flux from aircraft measurements
In Figures 13 and 14 the momentum fluxes are plotted against longitude. The latitude
changes very little during the flight legs and is disregarded here. The fluxes are very small
over the sea, as seen in the figure, about ten times smaller than over land (not shown
here). The thick solid lines mark the position of the Swedish mainland and Gotland. Some
higher values that occur over land are removed to make the scale small enough to detect
any trends over the water. As mentioned erlier, all flight legs on May 4 are performed after
the sea breeze circulation has begun. ..,.,

The 30 m flight leg shows for both days that the momentum flux decreases with distance
from the coast over the sea, due to the wind speed decrease. The same pattern can be seen
both east of the mainland and east of Gotland. As mentioned above the decrease in wind
speed and thus in the momentum flux is a result of the stable IBL that is building up over
the sea. The values of the momentum flux at the higher flight legs are scattered around
zero, which indicates that the measurements are taken above the turbulent boundary layer.

There are no big differences between the two days concerning the spatial variation of
the momentum flux over the sea. The lower wind speed during May 4 than during May 3
gives somewhat smaller fluxes, but the sea breeze does not seem to contrubute. This is an
indication that the stratification over the sea is more important to the fluxes than the sea
breeze circulation is.

4.6 Heat flux from aircraft measurements
The heat flux from the aircraft measurements are plotted in Figures 15 and 16. The much
larger values over land are removed to increase the resolution over the sea. The heat fluxes
are very small over the sea compared to over land. The heat flux during May 3 at 30 m
is mostly negative, and somewhat larger than during May 4. This is due to the fact that
the temperature difference between the sea surface and the air advected from land over
it is larger during May 3, and that the wind speed is higher. The sea breeze lower the
temperature and thus the heat fluxes. At the higher flight legs the heat fluxes are very
small both days and there is no paticular difference between them.

Close to the Swedish main land the heat flux is negative on both days, which should
be expected in a stable marine boundary layer. There is a decrease in heat flux with
increasing distance from the coast, which is caused by the decreasing wind speed. This
occurs east of both the Swedish main land and Gotland.
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Figure 17: Wave parameters as a function of frequency at May 3 15.30.

The differences between the two days is that the heat flux is approching zero closer to
the coast line during the sea breeze circulation. This is a good agreement with analysis is
section 4.3, which said that on—shore winds with an undisturbed over—water fetch will give
a neutral stratification over the sea, and thus a heat flux close to zero.

4.7 Wave age

During the time period analysed a great amount of swell occured, which gave several effects
on the measurements. Swell is not an unusual phenomenon in the Baltic Sea. According to
Rutgersson et a1. (2000), measurements between 1995 and 1998 gave co /U10 >1.2 during
40 % of the time. And 90 % of the more unstable cases (z/L <-1) occured during swell
conditions.

Figures 17 and 18 show wave Spectra, one from each day analysed. They are chosen
because they are good exemples and represent the swell conditions during the two days
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Figure 18: Wave parameters as a function of frequency at May 4 I7. 00.

well. They show different wave parameters as a function of frequency. The frequency for
fully developed sea, where c0/U10 > 1.2, is found in Figures 17d and 18d where the mean
wind speed ([7) crosses the wave speed (Cg), that is at about 0.2 Hz in Figure 17d and 0.3
Hz in Figure 18d. All lower frequencys are swell and higher are growing sea. In Figures 17b
and 18b the energy spectra are shown. In the plot from May 3 there are two peaks with
about the same energy, but one is the energy of the swell and the other the energy of the
wind waves. On the plot from May 4 there is only one peak, and that is swell, but there is
still some energy produced by wind waves. It should be noted though that the magnitude
of the energy is different on the two days, and much less the second day, because of the
lower wind speed. These two cases are very representative for the time period analysed.
May 3 starts with dominating swell with quite high energy values. But during the day
the wind waves dominate because of the high wind speed. In the afternoon the amount
of swell increases again, but a great deal of wind waves are still present. This condition
continues through out the day, but the total amount of energy decreases. During May 4
the swell dominates, but still with low energy, until the evening, when the wind waves take
over again.
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The directions of the waves and wind are shown in Figures 17a and 18a, where the wind
direction is the straight line. During May 3 the wind direction is 300° (NW), and naturally
the wind waves have the same direction. But the swell (with frequencies lower than 0.2
Hz) comes from a direcion of 200° (SW). They are a product of the wind in the south of
the Baltic Sea the day before, as mentioned in Section 3.3. The wave spectra from May
4 originates from the period of well developed sea breeze. The wind direction has now
changed to about 150° (SE). And the swell (frequencies below 0.3 Hz) comes from about
50° (NE), which probably is the effect from the northwesterly winds during May 3 and
early May 4. In both cases the angel between the swell and wind waves is greater than
90°.

A n"4 slape is expected in the high frequency end of the spectrum (Smedman et al.,
2000). In figures 17c and 18c the slope is represented byanultiplying the spectral estimates
with n4. This is a way to find small sea peaks that dissapear because of the large energy
in low frequenCy swell peaks (Dobson et al., 1994), but is not considered in this theisis.

Figure 19: Correlation coefiicient at 8 m as a function of wave age during (a) May 5’ and
(b) May 4. Dached line mark the value co/U10 :2 1.2.
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In Figure 19 the negative correlation coefficient is plotted as a function of wave age, and as
a function of stability, from both May 3 and May 4. The correlation coefficient is defined as

u}!

gnaw
raw

The data from May 4 show a good agrement with results from Smedman et al. (1999).
TM, increases with increasing wave age during swell conditions. It should be noticed that
the angel between swell and wind wave in Smedrnan et al. (1999) was 0°~30°, compared to
the angel about 90° in this case.

The data from May 3 does not show the same result, even though the angel is the same as
during May 4. There is no difference in rm, for no swell and swell conditions. During May
3 the stratification is mostly stable or near neutral on the stable side, while it during May
4 is unstable most of the time. During stable conditions little variation with wave age was
found by Rutgersson (2000), and that agrees well with the data in Figure 193.. It is not
clear if the different behavior of the correlation coefficient, as a function of wave age, is
caused by a difference in the angle between the directions of swell and wind waves, or if it
is a result of the difference in stability. The effect of stable stratification is not at all fully
understood but there indications that stable stratification could supress waves (Smedman
et al., 1997)
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5 Conclusions

Two days in early summer have been studied. The main difference between the two days is
the geostrophic wind and the stratification. During the first day the geostr0phic wind was
about 17 m/s and the stratification was mostly stable. On the second day the geostrophic
wind was 7 m/s and the stratification was unstable or near neutral. Because of the lower
wind Speed a sea breeze occurs the second day.

The aim of this theisis was to search for effects from the sea breeze on the fluxes. But
the fluxes from the aircraft measurements were very small and at levels above 30 m also
very scattered, indication turbulence free air. The momentum flux decreased with distance
from the coast over the sea because of the wind Speed decrease due to the stable IBL that
forms when warm air is advected over a cold surface. This is the case during the both days.
Therefor it can be concluded that the momentum fluxdepend more on the stratification
than of the sea breeze. ‘

The stratification at Ostergarnsholm converged to neutral as the sea breeze circulation
develOped, even though stable stratification was ecpected. This was related to the sea
breeze circulation in section 4.3, which said that winds over an open water fetch will give a
neutral stratification over the sea. When the sea breeze circulation deveIOped during May
4, the fetch increased.

The heat fluxes were also very small over the sea. But even smaller at the 30 m flight
leg during May 4 and the sea breeze circulation. During the sea breeze circulation the
winds came from southeast and the sea. With growing undisturbed fetch the stratification
turned to neutral, as mentioned above, and thus made the heat fluxes very small. The
conclusion is then that a sea breeze circulation could affect the heat flux over the sea, but
will leave the momentum flux unaffected.

The presence of swell in the Baltic Sea was also studied. It was seen that swell is common
in the area, and that it has a large affect on its surroundings. The importance of the
angle between the swell and the wind waves was not obvious in this case. The angle was
about 90° during both days, but still they showed different results. During May 3 the
stratification was stable, and the result was that there was no difference in raw for swell or
no swell conditions. It is not obvious, but there is a possibility that it is the stratification
that contributes to the behaviour of raw.
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