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ABSTRACT 

The turbulence structure in a stable boundary layer over ice has been studied. Data from 
the Bothnian Bay, measured during the BASIS field campaign in February/March 1998, 
have been used. Turbulence as well as wind- and temperature profiles were measured at 
three sites. The sites were Umea at the Swedish East Coast, Kokkola at the Finnish West 
Coast and the ship R/V Aranda outside the Finnish coast. 

Turbulence parameters are studied in terms of their stability dependence. At stronger 
stability ai/u,,., a/u,,. and aJu,,. all increase with stability. At near neutral stratification 
aJu,,. increases with height. A linear dependence of the pressure gradient scale ln(z.flu,,.) is 
seen for aJu,,. in the interval O<z/L<O. I. aJau first increases and then decreases with 
stability in agreement with earlier results. 

From the results it is concluded that the turbulence structure in the stable boundary layer 
over ice follows the Monin-Obukhov similarity theory. In some of the studied parameters 
the results from the Umea site deviate from the other two. Since Umea has a larger 
measuring height (10 m) than the other two (2 and 3.5 m) the conclusion is drawn that the 
surface layer height is lower than 10 m. 

Data from the Umea site has been used to study atmospheric phenomena that develop 
over the marginal ice zone. During two days two phenomena were observed that were 
triggered by the temperature difference between ice and water - a stable internal 
boundary layer and an 'ice breeze' similar to the land breeze. The development of the 
internal boundary layer has been studied by using an expression for internal boundary 
layer height. A criterion earlier used to forecast the sea breeze has been shown to be 
suitable also for the 'ice breeze'. 
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1. Introduction 

The Bothnian Bay in the Baltic Sea is every winter more or less covered with ice. The 
ice cover acts both as a mechanical boundary and a thermal insulator between air and 
sea. Thus it affects the exchange of energy, momentum and water between sea and 
atmosphere. This has a not negligible effect on the meteorological conditions. All 
couplings between air, sea and ice are not yet understood but it is clear that air-sea-ice 
interacting is important to include in numerical meteorological models. 

The BASIS (Baltic Air-Sea-Ice Study) project is a sub-project of the Baltic Sea 
Experiment (BALTEX) (Launiainen, 1999). The aim of the BASIS project is to 
generate and analyse an experimental data set to improve the understanding of 
energy- and water cycles during winter conditions. This will hopefully lead to an 
improvement of coupled atmosphere-ice-ocean models. The field campaign of BASIS 
took place in the Bothnian Bay during a three-week period in February/March 1998. 
Meteorological measurements were made at six different locations in the Bothnian 
Bay. Three of the stations (Umea, Sundsvall and Kallax) were located on the Swedish 
east coast, two (Kokkola and Merikarvia) on the Finnish west coast and one, the 
research vessel R/V Aranda was anchored in the sea ice outside the Finnish coast. At 
all sites radio sonde soundings were performed every sixth hour. At three of the sites 
(Umea, Kokkola and Aranda) measurements of turbulence, wind- and temperature 
profiles were also made on masts. In addition airborne observations were made with a 
research aircraft and a Helipod, measuring sonde carried by a helicopter. 

In this thesis the data set from the three stations with mast measurements in the 
atmospheric surface layer will be used. In section 2 this data set is used to study the 
turbulence structure over the Bothnian ice cover during stable conditions. Turbulence 
characteristics in the stable boundary layer (SBL) are of great interest for 
parametrization of weather prediction models as well as dispersion models. The SBL 
is however in some ways more difficult to study than the neutral- and convective 
boundary layers. Since the turbulence level in the SBL often is very small, it is harder 
to measure turbulence. Very sensitive turbulence instruments are required. Another 
thing is that the SBL is sensitive to terrain effects. Blocking of flow by trees or slopes 
can yield large local effects on the development of the SBL. For this reason sea ice is 
very suitable for SBL studies since it is very flat and uniform. Earlier studies of 
turbulence structure over ice have been done by King (1990) among others. 

In section 3 a closer study of what happens in the atmosphere over the marginal ice 
zone will be made. Phenomena in coastal areas during summer conditions caused by 
temperature differences between land and sea, e.g. sea breeze and internal boundary 
layers, have been studied widely. At the marginal ice zone during winter, the same 
type of phenomena, caused by the temperature difference between ice and sea, 
develops. During the field campaign the marginal ice zone was at some occasions 
located close to the site outside Umea. This made it possible to observe two different 
atmospheric phenomena - a stable internal boundary layer and a circulation system 
similar to the land breeze. 

Finally, in section 4 some concluding remarks will be given to summarise the results 
from section 2 and 3. 



2. Turbulence structure in a stable boundary layer over ice 

2.1 Sites and measurements 

Measurements have been made at three sites in the Bothnian Bay during a 3-week 
period 15/2-7/3 1998. The sites are Umea at the Swedish east coast, Kokkola at the 
Finnish west coast and R/V Aranda, a ship anchored in the sea ice outside the Finnish 
coast. The sites are shown in Figure 2.1. At all sites small masts were erected and 
equipped with slow-response sensors for measurements of wind speed and 
temperature profiles. At one height on each mast a sonic anemometer was placed. 
With the sonic anemometer it is possible to measure the turbulent fluctuations of the 
three wind components (u, v, w) as well as the virtual temperature. 

Bothnian 
Bay 

Figure 2.1. Map of the measuring sites. 

The Umea mast was located at Lovoudden (63° 40,5' N, 20° 24,0' E), a small 
peninsula about 25 km south of the town ofUmea at the Swedish East Coast. The 
mast was placed just a few meters from the coastline. At 20-30 m behind the mast the 
woodland began. In the sector 50°-250° there was an open sea/ice fetch except for an 
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island in the sector 130°-195°. Wind- and temperature measurements were made at 
the heights 1, 3.5 and 11 m. The sonic anemometer was placed at the height of 10 m 
for measuring turbulence. 

The Kokkola-station was situated on the land fast ice in a bay near Kokkola at the 
Finnish West Coast (63° 95' N, 23° 08' E).On a lOxlO m area, four small masts were 
equipped to measure standard meteorological parameters and turbulence. Wind speed 
was measured at 2 m height, temperature and radiation at 1 m and turbulence at 3.5 m. 
There was at least 3 km open ice fetch in the sector 13 5 ° -315 °. The sector 315 ° -13 5 ° 
was disturbed by woodland. 

The ship RN Aranda was anchored in the sea ice outside the Finnish West Coast (63° 
08,12' N, 21° 14,66' E), outside the Finnish town Vaasa. The mast measurements 
were made about 300 m north-west of the ship. A 10 m high mast was used for 
measuring temperature- and windprofiles. Wind speed was measured at 0.4, 1.0, 2.3, 
4.6 and 10.0 m height over the ice surface. Temperature measurements were made at 
the heights: 0.4, 2.3 and 10.0 m. The turbulence measurements were made at 2 m 
height with a sonic anemometer on a mast located 40 m from the mast measuring 
profiles. The Aranda station had open ice fetch long enough to consider all wind 
directions to be undisturbed. 

The sampling rates for the turbulence measurements were 20 Hz at Umea and Aranda 
and 50 Hz at Kokkola. All data used from the stations were saved as 10 min averages. 
In the forthcoming analysis these data are transformed to 1 hour averages. Only the 
undisturbed sectors are used, to be sure that it is the atmospheric conditions over sea 
ice/water that is considered. In addition wind speeds under 2 m/s are not used because 
of too large uncertainties in the measurements. 

2.2 Overview of the weather situation 

After mid December the winter 1997/1998 in the Baltic Sea area was relatively mild 
and windy. The first two weeks of the field campaign (15/2 - 1/3 1998) were 
characterised by large variations in wind speed and temperature due to passing lows 
and, in association with these, fast front passages. In Figure 2.2 the temperature 
variation at the Umea site during the field campaign can be seen. Especially at two 
occasions the temperature variations were remarkable, 17-18 February and 23-24 
February when differences of about 20 °C in 24 hours were measured. In connection 
with these two periods also large wind speeds were noticed. This can be seen in 
Figure 2.3 where the wind speed variation at the Umea site is shown. Because of the 
large temperature variations, the ice conditions also changed much. Melting periods in 
combination with a high water level, caused by strong northerly and southerly winds, 
made the ice surface, at least at the Umea site, change in character from fresh ice to 
snow- or water covered ice. 

Towards the end of the measuring period the large-scale pressure gradient was smaller 
and temperature was more slowly varying, between-15 and-5 °C. Wind speeds were 
generally also weaker. 
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Figure 2.2. Temperature at 3.5 m height at the Umea site during 15 February to 6 March 1998. 
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Figure 2.3. Wind speed at 10 m height at the Umea site during 15 February to 6 March 1998. 

2.3 Theory 

2.3.1 The Monin-Obukhov similarity theory 

The Monin-Obukhov similarity theory (M-0 theory) is a theory that is used to 
describe the flow in the atmospheric surface layer (ASL). The surface layer can 
approximately be considered as a constant flux layer which means that it is enough to 
know the fluxes at one level, e.g. the ground level. M-0 theory does not apply to 
conditions when winds are calm or when friction velocity is zero. 

Like other similarity theories, M-0 theory deals with finding dimensionless groups of 
variables, to create an equation, a similarity relationship, that describes all similar 
cases. In M-0 theory, the similarity expression is valid in the ASL. According to M-0 
theory the conditions in the ASL can be described with universal functions where the 
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relevant scaling variables are used. To find the similarity expression, one first has to 
know these scaling variables. These are z, p, u* and T * 

where 

u. = .J-u'w' 

and 

-w'B' 
T. =---

u. 

(2.1) 

(2.2) 

(2.3) 

z is the height above ground, f3 is the buoyancy parameter, u* the friction velocity and 
T* a characteristic temperature. In Eq. 2.1 g is the acceleration due to gravity and T0 

the mean temperature. 

The scaling variables can be combined to the following dimensionless expression: 

zT.{3k z 

u? L 
(2.4) ---= 

where k is the von Karman constant. L is the Monin-Obukhov length defined as 

2 

L=~ 
f3kT. 

(2.5) 

By using u*, e* and a scaling humidity variable, q *• the vertical profiles in the ASL can 
be normalised. We get the.following similarity relationships: 

-

au kz =</Jm(z/ L) 
az u. 

-

ae kz = <Ph (z I L) 
az T. 

(2.6) 

(2.7) 

(2.8) 

Equations 2.6-2.8 show that the vertical profiles are universal functions of the stability 
parameter z/L, if they are normalised by the relevant scaling variables. The shape of 
</Jm, </Jh and </Jw must be found empirically. Many experiments have been done to 
determine these functions and there are several suggestions concerning their analytical 
form. Hogstrom (1988) suggests: 
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-·· 

</>m(z/L)=(l-19z/L)-114 , z!L~O (2.9) 

<f>m(z/L)=1+6z/L , O<z!L~0.5 (2.10) 

</>m(z/L)=</>m(0.5) , z/L>0.5 (2.11) 

</>h(z/L)=(l-12z/Lf112 , z/L~O (2.12) 

</>h (z I L) = 1+7.8z I L , 0 < z I L ~ 0.5 (2.13) 

, z I L > 0.5 (2.14) 

(2.15) 

M-0 theory can also be applied to standard deviations of the velocity components, 
temperature and humidity: 

,a=u,v,w (2.16) 

(2.17) 

(2.18) 

The normalised standard deviations of the three wind components ai/u * and a/u * as 
well as awlu* describe the fluctuations of the wind in the three directions. Thus they 
are a measure of turbulence in three dimensions. The normalisation with u*makes it 
possible to compare turbulence intensities from different sites at different times. 

2.3.2 Standard deviations 

Under neutral conditions (z/L=O) when turbulence is purely mechanical, the 
normalised standard deviations of the wind components are supposed to be constant, 
independent of height and roughness. The averages of these constants are (Panofsky 
and Dutton 1984): 

~=Fi (0) = 2.39 ± 0.03 (2.19) 
u. 
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~ = F2 (0) = 1.92 ± 0.05 (2.20) 
u. 

a w = F3 (0) = 1.25 ± 0.03 (2.21) 
u. 

It's recommended (Panofsky and Dutton 1984) to treat F1, F2 and F3 as constants, 
with their neutral value, also in the stably stratified ASL as long as z/L is not too 
large. For strong stabilities at least a/u* and a/u* increases. 

In the unstable surface layer a/u* and a/u*are independent of height because of the 
low frequency variations associated with convection. Therefore M-0 theory can not 
be applied to these components for z/L<O. Instead Panofsky and Dutton (1984) 
suggest scaling with z/L. The standard deviation of the vertical velocity awlu* obeys 
M-0 theory: 

a w = F3 (z I L) = l.25(I-3z I L) 113 (2.22) 
u. 

2.3.3 The drag coefficient 

The drag coefficient, CD, is a measure of the drag of the atmosphere against the earth 
surface. CD is defined at the 10-m-level as: 

2 

c = .!!!____ 
D U2 

10 

where U10 is the mean wind at 10 m height. 

(2.23) 

Under neutral conditions, the logarithmic wind profile gives 

u. z 
U=-ln-

k z0 ' 
(2.24) 

leading to the following expression for CD: 

(2.25) 

Here subscript N stands for neutral conditions. 

Since the drag of the atmosphere against the surface is larger in unstable air than in 
stable air, it is common to use the term lflm to correct CD for stability. lf/m is the 
integrated form of the dimensionless wind profile ~m and is given by: 
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(2.26) 

In stable respectively unstable air, the corresponding neutral value for CD is given by: 

lJf m = -6.8z / L , z/L>O 

(Bergstom and Smedman 1995) 

[(1 + x2 )(1 + x) 2
] n lJf m = ln -2- -2- -2arctanx + 2 

where x = (l-l6z I L)114 , z/L<O 
(Panofsky and Dutton 1984) 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

2.3.4 The correlation coefficient and the buoyancy length scale 

Other statistical parameters that are useful when the ASL is parameterised are the 

correlation coefficients for u'w' and w' e'. The linear correlation coefficient for u'w' 
is defined as: 

u'w' 
ruw =--. 

CJ' u(J' w 

(2.31) 

It is a normalised covariance describing how the variables u and w are correlated to 
each other. The correlation coefficient ranges from-1 to 1, where -1 denotes full 
negative correlation and 1, full positive correlation. When ruw=O, there is no· 
correlation at all between u and w. 

In the same manner, it is possible to define a linear correlation coefficient for the heat 

flux, w' e I • It is defined as: 

w'e' 
'we=--. 

CJ' w(J' e 
(2.32) 

Both ruw and rwe takes values around-0.3 at neutral stratification. 

The buoyancy length scale is given by: 

I=~ 
B N ' 

BV 

(2.33) 
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where Nsv is the Brunt-Vaisalli frequency: 

N =~g aB 
BV 8 8z . (2.34) 

The buoyancy length scale is a turbulence length scale for the stable boundary layer 
(SBL ). It is a measure of how the stability suppresses vertical motions and thus gives 
an idea of the eddy sizes in the SBL. The range of ls is from the order of a meter for 
strong stability, to a couple of hundred meters for more turbulent conditions and weak 
stratification. 

2.4 Results 

To study the turbulence structure in the SBL over ice, measurements from the three 
sites have been compared. In this section the results will be presented for turbulence 
parameters plotted as functions of stability and wind speed. During the field campaign 
there were some occasions with slightly unstable conditions. In this section only the 
stable cases are considered. 

2.4.1 Standard deviations 

In section 2.3.2 the normalised standard deviations of the three wind components and 
temperature were discussed. These parameters have been studied with respect to 
stability. In Figure 2.4 az/u* is plotted as a function of z/L. + denotes the Umea site, * 
the Kokkola site and x the Aranda site. At near neutral stratification the values of 
az/u* for the three sites are around 2.8, which is somewhat high compared to Eq. 2.19. 
Especially Kokkola takes on high values. At slightly stable conditions az/u* seem to 
be constant while at stronger stabilities, there is an increase of az/u* with stability for 
all the three stations. Here one should have in mind that the strong stability data are 
based on very few measurements, but nevertheless it is possible to see an increase at 
all the three sites. 

In Figure 2.5 a/u* is plotted against z/L. The near neutral values are a bit high but 
agree reasonably well with Panofsky and Dutton (1984) (see Eq. 2.20). The values of 
a/u* seem to increase linearly with stability. 

The normalised standard deviation of the vertical component, awfu* is plotted as a 
function of stability in Figure 2.6. Also awiu* appears to be constant at slightly stable 
conditions and increase at stronger stabilities. At near neutral conditions the values of 
awfu*are around 1.25, which agrees well with earlier results (see Eq. 2.21), but note 
the order between the three sites in the size of awlu*. Having in mind that the 
measuring height for turbulence is 2 m for Aranda, 3 .5 m for Kokko la and 10 m for 
Umea, it seems that, at least for small z!L, awiu* increases with height. 

To investigate closer, the increase of awfu* with height, a data set with near neutral 
values of awfu* from all the three sites has been used. In Figure 2.7, awfu* is plotted as 
a function of a large-scale pressure gradient scale. It is proportional to the height of 
the 
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Figure 2.4. The normalised standard deviation of the u-component of the wind speed as a function of 
stability. +: Umea, 10 m ; *: Kokkola, 3.5 m; x: Aranda 2m. 
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neutral boundary layer (Hogstrom 1990). The triangles are data from the interval 
O<z/L<O. l while the circles represent data from the interval 0.1 <z/L<0.2. 

For the O<z/L<O.l interval, a clear linear increase of awiu* with height can be seen. 
Least square regression for this interval yields the equation: 

(J'w [Z· /] -=0.13·ln - +2.05, 
u. u. 

(2.36) 

a result that is almost identical with that of Hagstrom (1990). 

Data for the 0.1 < z/L<0.2 interval has more scatter, but a linear relationship can be 
seen also here: 

a [z·/] -2'... = 0.17 ·ln - +2.25. 
u. u. 

(2.37) 

The difference in slope is an indication that the large eddies no longer scale with the 
boundary layer height. The scatter is probably due to too few measurements. The 
main part of the data from Kokkola and Aranda is in the interval O<z/L<0.1 while the 
Umea data is spread over the whole O<z/L<0.9 interval. 

It seems like the linear increase of awlu* is valid, not only for near neutral conditions, 
but also for somewhat more stable stratification, at least up to z/L=O. l. The increase of 
awlu* with height can be explained by introducing the concept of inactive turbulence. 
The turbulence in the inner regions of the boundary layer can be divided into two 
parts, one active and one inactive part (Hogstrom 1990). The active turbulence is the 
turbulence associated with shear stress, created in the lower parts of the boundary 
layer. Inactive turbulence on the other hand, arises in the upper parts of the boundary 
layer. The eddies associated with inactive turbulence are of a larger scale than those 
associated with active turbulence. Because of continuity the vertical velocity of large 
eddies is strongly suppressed close to the surface but increases gradually with 
increasing distance from the surface. 

In Figure 2.8 ar!T* is plotted against z/L. For small z/L, ar and T* simultaneously go 
to zero, making the ratio ay/T* increasingly uncertain with decreasing z/L. For z/L>0.2 
though, ay/T* takes on values around 3 which agrees well with results from for 
instance King (1990). 

Another parameter that tells something about the structure of turbulence in the SBL is 
the ratio of the standard deviations of the vertical and horizontal wind components, 
awl au. This ratio is plotted as a function of stability in Figure 2.9. The curves from 
Kokkola and Aranda are very similar. Their appearance can be compared with Figure 
11 in Smedman (1991). The form of these curves can be explained with a 
combination of stratification and the influence of the surface, the so called 'wall 
effect'. At near neutral stratification near the ground, the only relevant length scale is 
the height (z) above ground. The presence of the ground (the wall) restricts the 
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Figure 2.8. The normalised standard deviation of the vertical component of the wind speed as a 
function of stability. Same sites as in Figure 2.4. 
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turbulent energy in the vertical component. As stability increases the turbulent eddies 
will also be restricted by stability until, for very stable stratification, the eddy size will 
be entirely limited by stability. The effect of these two mechanisms gives the form of 
the curves from Kokkola and Aranda in Figure 2.9. At first they increase to a 
maximum around z!L=0.3-0.4 and then decrease. 

The big difference in the behaviour of the Umea curve is probably due to the surface 
layer at the Umea site being lower than 10 meters. If the large variations between 
z/L=0.5-0.7 are ignored, the trend of the Umea curve is a decreasing a~au with 
stability. This is characteristic for the transition layer where the effect of the surface 
no longer has any influence. 

2.4.2 The correlation coefficients 

In Figure 2.10 the linear correlation coefficient for u'w' is plotted as a function of 
stability. The curves agree quite well with the results of Smedman (1991). The ruw 

value is around-0.3 for near neutral conditions, in agreement with earlier results, and 
then increases with stability. 

In Figure 2.11 the linear correlation coefficient for w' e' can be seen. The pattern of 
the curves from Kokko la and Aranda are rather similar to Figure 2.10 with a near 
neutral value of-0.3 to-0.2 and than a possible increase of rwewith stability. The 

results from Umea deviate from the others. Umea has generally larger w' e' values for 

the whole stability range, which yields a larger absolute value of r we· The large w' e' 
values are probably due to the varying ice conditions at the Umea site giving large 
changes in surface temperature. The difference in measuring height can also have 
some influence. 

2.4.3 The buoyancy length scale 

The buoyancy length scale is plotted in Figure 2.12. As can be seen, the curves of 
Kokkola and Aranda follow each other closely while Umea has larger values of ls all 
through the stability range. As l B depends on O"w, this is probably an effect of that O"w 

increases with height in the surface layer (Smedman 1991). There is a tendency that 
the three curves converge when the stability gets stronger. Also this can be explained 
with the 'wall effect'. In neutral air the eddies are restricted by the height above 
ground (z) but as the stability increases, the eddies decrease and will eventually 
become independent of height (z-less stratification). 

2.4.4 The drag coefficient 

The drag coefficient is found in Figure 2.13 as a function of wind speed at 10 m 
height. CD is in the order of 1.2x 10-3 in agreement with earlier findings, for example 
Stull (1988). For low wind speeds CD takes on very small values. Since weak winds 
are connected with strong stabilities and thus smaller momentum fluxes, this is 
understandable. But one should have in mind that strong stability data are based on 
much less measurements, as mentioned earlier. As the wind speed increases, CD 
increases until it takes on an almost constant value for high wind speeds. 
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Figure 2.10. The linear correlation coefficient for u 'w' as a function of stability. Same sites as in 
Figure 2.4. 
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Figure 2.11. The linear correlation coefficient for w'8' as a function of stability. Same sites as in 
Figure 2.4. 

15 



' \. 
• x_. ~ -:.~ *1r ~. = ·%'- :-_~.; ~.: .:-:_ * -K 

o~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 0.1 0.2 0.3 0.4 0.5 
z/L 

0.6 0.7 0.8 0.9 

Figure 2.12. The buoyancy length scale as a function of stability. Same sites as in Figure 2.4. 
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Figure 2.13. The drag coefficient as a function of wind speed at 10 m height. Same sites as in Figure 
2.4. 
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In Figure 2.14 the drag coefficient is corrected for stability in the way described in 
section 2.3.2. Since the Umea data show less agreement when corrected for stability, 
the correction method seems to be wrong. The correction method is based on M-0 
theory, which applies to the normalised standard deviations and ruw according to the 
results above. M-0 theory should probably also work for </>m that has not been 
anaiysed due to too few levels with wind speed measurements. Hence ihe fact that the 
correction does not have the wanted effect, could be a sign of that the height of the 
surface layer in Umea is less than 10 m, especially during strongly stable conditions. 

It is possible to calculate the roughness length z0 from the Cv curves. If the 
logarithmic wind profile is used as an approximation, Eq. 2.25 gives: 

z 
Zo = -k-. (2.35) 

e ..[C;;; 

For high wind speeds, all the three CvN curves show the same results as seen in Figure 
2.13. If an average of CvN taken over the three sites for wind speeds greater than 12 
ms-1, Eq. 2.34 yields z0 =9.4x10·5 m. This is a result that, according to Stull (1988), 
corresponds to calm open sea. If the term 'calm' is translated into 'low wind speed 
regime', we are dealing with dynamically smooth flow. The result thus indicates that 
the ice cover is dynamically smooth, a result that is in general agreement with the 
appearance of the ice surf ace. 
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Figure 2.14. The drag coefficient corrected for stability as a function of wind speed at 10 m height. 
Same sites as in Figure 2.4. 
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3. Atmospheric phenomena over the marginal ice zone 

As the winter 1998/1999 was relatively mild, the ice edge in the Baltic Sea was 
located further north than usual. The position of the ice edge varied a lot, but during 
the field campaign it was located in the area between the Bothnian Bay and the 
Bothnian Sea. Thus the marginal ice zone was sometimes close to the Umea site. This 
made it possible to study special air flow that can occur where the sea ice meets open 
water. 

Two days of the field campaign, the second and third of March, appear at a first look 
to be rather similar in a meteorological aspect. But on the local scale at the Umea site 
these two days are very different. On the 2 March a stable internal boundary layer is 
formed over the ice outside the Umea site. It grows in height throughout the day. 
During the night to the 3 March the temperature decreases about nine degrees, which 
yields a large temperature difference between the ice and the sea surface. This 
temperature difference is enough to generate a circulation similar to the land breeze 
on the morning of 3 March. 

The land breeze and the internal boundary layer are two different that are associated 
with coastal flow, but apparently also can occur at the marginal ice zone. This will be 
studied closer in this section. 

3.1 Measurements at the Umea site 

The Umea mast was located on the south part of the peninsula, Lovoudden as can be 
seen on the detail map (Figure 3 .1 ). At the same location radiosonde soundings and 
piball trackings were performed every sixth hour. The radiosonde soundings were 
made with a Vaisala RS80-15 sonde, measuring temperature, humidity and pressure. 
The piball tracking technique made it possible to measure wind speed and wind 
direction all through the boundary layer. 

At some occasions, when the weather conditions were good, additional turbulence 
measurements were made at 1.8 m height. These turbulence measurements were 
performed with the MIUU-instrument, a wind vane based turbulence instrument with 
a three axial hot film system and dry and wet bulb temperature sensors (Hagstrom 
1988). Because of the sensitivity of this instrument, measurements were only made at 
occasions without precipitation and not too low temperature. The complementary 
turbulence measurements made it possible to compare turbulent fluxes at two heights 
at some days, including the 2 March. 

3.2 Weather situation and ice conditions 2-3/3 1998 

During the 2 and the 3 of March 1998, the synoptic situation over the Bothnian Bay 
was characterised by a weak pressure field. Due to the small pressure gradients the 
large-scale winds were calm which, as will be shown later, enabled mesoscale 
phenomena. The pressure- and wind field for the 2 and 3 of March are shown in 
Figures 3.2 and 3.3 respectively. As can be seen the main wind directions were south 
to east. 
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Figure 3.1. Map of the Umea site and its surroundings. The location of the mast is marked with the 
arrow. 
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Figure 3.2. Wind- and pressure field at 
12.00 Z the 2 March (from SMHI). 
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Figure 3.3 Wind- and pressure field at 
12.00 Z the 3 March (from SMHI). 



In Figure 3.4 the wind speed variation at 10 m height at the Umea site for 2 March 
and 3 March is shown. Especially note the large increase in wind speed up to 10 ms-1 

during the afternoon of the 2 March. This effected the development of the internal 
boundary layer in a way that will be discussed later. On the 3 March wind speeds 
were weaker than the day before and did not reach 7 ms-1• 

The temperature at the Umea site the 2-3 March varied as shown in Figure 3.5. It is 
the temperature measured at the 3.5 m level that is plotted. On the morning of the 2 
March there is a rapid change in temperature. This increase of 14 degrees was 
probably due to a front passage. During the night to the 3 March the temperature 
decrease again about 9 degrees. 

10 

a 

I~ 6 

= 

4 

2 

4 a 1 2 1 6 20 o 4 a 1 2 1 6 
2/3 3/3 

Figure 3.4. Wind speed at 10 m height at the Umea site during the 2 to 3 March 1998. 
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Figure 3.5. Temperature at 3.5 m height at the Umea site during the 2 to 3 March 1998. 
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The ice conditions outside the Umea site during the 2-3 March were rather complex. 
In the area closest to the coastline where the Umea mast was located, there was fast 
snow covered ice. South of the station this ice reached about 250 m. Outside the thick 
fast ice, there was thin new ice and level ice reaching 4-6 km in the south direction. 
South of the level ice, there was open water. Figure 3.6 shows a picture of the Umea 
site where the fast ice edge can be seen. 
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Figure 3.6. Picture of the Umea site showing the fetch in the wind direction the 2 March 1998. In the 
background the edge between thick fast ice and thin new ice can be seen. 

3.3 The stable internal boundary layer 

3.3.1 Background and theory 

An internal boundary layer (IBL) is formed when air is advected over a discontinuity 
in surface properties. It is called internal since it is a layer within the boundary layer 
and it grows with distance downstream from the surface change. The discontinuity of 
surface properties can be a change in surface roughness, surface temperature, 
humidity or surface fluxes of heat or moisture. When the change is related to surface 
temperature or heat flux, the IBL is called a thermal internal boundary layer (TIBL). 
The most common example of a TIBL is the one formed at the coast because of the 
often large temperature differences between land and sea. The knowledge of the IBL 
is important when mast measurements are analysed. To be sure that it is the properties 
over the local area that are measured, the fetch must be long enough so that the height 
of the IBL is larger than the measuring height. 

Earlier studies of the IBL (from the 50's to the 70's) were related to neutral flow over 
a change in surface roughness (Garratt 1990). In the late part of this period also 
changes in temperature and surface heat flux were considered. Things that were 
studied were development of the IBL and turbulence structure within the IBL. Most 
studies were made on a smaller scale, with fetches less than 1 km. 

During the last decades, the IBL studies have dealt mostly with mesoscale advection 
with long fetches. Special interest has been given the growth and structure of the 
TIBL, mainly because of its practical importance when dealing with pollution and 
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dispersion from industries in coastal areas. Most work has been done on convective 
TIBL's arising when cold sea air flows over warmer land. The knowledge of stable 
TIBL' s is far less. This is partly due to the fact that the stable TIBL normally needs 
very long fetches to be fully developed. 

Most studies of the stable TIBL have been related to offshore flow, when warm 
continental air is advected over cool sea. The main interest has been to find an 
equation for the TIBL height. The fact that the stable TIBL has a less well defined top 
than the convective one, is another thing that makes the stable TIBL harder to study. 
Mulhearn (1981) studied offshore flow in Massachusetts Bay, USA. Using 
dimensional analysis, he found an expression for the TIBL height as a function of the 
square root of the fetch. Garratt (1987) used a mesoscale model to investigate growth 
and inner structure of a stable TIBL, formed by warm continental air flowing 
offshore. He used a physical model to find the following expression for the TIBL 
height: 

( )
-1/2 

h =a · x 112 • U · g ·:e (3.1) 

which principally is the same expression as Mulhearn (1981) found with dimensional 
analysis. In Eq. 3 .1, x is the fetch, U is the large-scale wind, g the acceleration due to 
gravity, .18 the difference between the continental air and the sea surface and e is the 
mean potential temperature. a is a numerical coefficient defined as: 

( 2AR C J112 f DG 
a= 

cos3 f3 
(3.2) 

where R1is the flux Richardson number, f3 denotes the deviation angle from the 
normal to the coast and A is a parameter describing the shape of the temperature 
profile. CDo is the geostrophic drag coefficient defined as: 

(3.3) 

where Vg is the geostrophic wind .. Using least-square regression, Garratt obtained the 
value a=0.014. 

3.3.2 Observation of the stable internal boundary layer 

When the turbulence measurements from 1.8 m and 10 m height the 2/3 are 
compared, a distinct difference in turbulent heat flux is seen. At first there is a weaker 
positive heat flux at the 1.8 m level than at the 10 m level. During the day the heat 
flux at both levels decrease and after 15.00 there is a negative heat flux at 1.8 m 
height while it is still positive at 10 m height. The different signs of the heat flux at 
the two levels indicate stable stratification at the 1.8 m level and unstable stratification 
at the 10 m level. It seems that the two levels measure conditions over two different 
surfaces. Hence one has reason to believe that there is a stable internal boundary layer 
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with a height between 1.8 and 10 mat the Umea mast. It should be mentioned that 
even though the sign of the heat flux is different at 1.8 m and 10 m height, both layers 
are close to neutral. 

The ice conditions in the wind direction on the 2 March are viewed inFigure3.7. As 
can be seen, it is about 60 km in the wind direction from the mast to open water. If 
this surface change was responsible of the stable TIBL, the height h of the TIBL 
should be much higher than 10 mat the Umea site. Instead it appears to be the surface 
change between new ice and snow covered fast ice that causes the differences 
between the 1.8 m and 10 m height. The fast ice edge is located 260 m from the mast 
in the wind direction. While thick ice is assumed to have about the same temperature 
as the air above, thin new ice rather obtains the temperature of the water under the ice 
(personal communication oceanographer Dr. Johan Nilsson, MISU). As long as the air 
temperature above the ice is lower than the water temperature under the ice, there is 
always an upward heat flux through the ice that is larger the thinner the ice is. These 
two statements supports the theory of a stable TIBL, caused by the different surface 
properties of the new ice and the thick snow covered ice. 
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Figure 3.7. The ice conditions in the wind direction at the Umea site the 2 March 1998. 

To investigate the theory of a stable TIBL, Garratt's (1987) expression (Eq. 3.1) has 
been used. Garratt used this expression on offshore flow with long fetch (.x=l00-900 
km). In the Umea case there is a much smaller scale with a fetch of .x=260 m. The 
expression is used anyway to see how it works on a smaller scale. Since, in the Umea 
case, the flow is onshore, .18 in Eq. 3.1 will be the difference between the sea air 
temperature and the surface temperature on land. 

There were no surface temperature measurements at the Umea site but on the other 
hand radiation measurements were made. By using the Stefan-Boltzmann law: 

(3.4) 

it is possible to obtain the surface temperature T from the outgoing longwave 
radiation Ii. In Eq. 3.4 ass=5.67x10-8 W-m-2·K4 is the Stefan-Boltzmann constant. 
The infrared emissivity ciR is 0.95 for permanent ice (Stull 1988). Unfortunately there 
are no radiation data from the 2 March due to problems with the instruments. The day 
after, though, there are data and the shape of the temperature profiles that day are 
similar to the 2 March. Therefore the ground temperature data obtained from 3 March 
have been used to extrapolate the surface temperature on the 2 March, by assuming 
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that the temperature difference between the ground and the 1 m level are the same on 
both days. 

As B the temperature on 11 m height has been used . .dB is obtained as the difference 
between the temperature on 11 m height and the extrapolated surface temperature. As 
the wind speed U in Eq. 3 .1, the wind speed at 10 m height is used. Yet it remains to 
find a value of a (Eq. 3.2). Eq. 3.3 is used to find a value of Cna. Taking an average 
of the wind speed at the higher levels gives V0=l5 ms-1• An average of u* during the 
day of2 March gives u*=0.3 ms-1• These two results yield, by using Eq. 3.3, 
Cna=4xl0-4. Since the wind direction is normal to the coast, P=0°. As A, Garratt's 
value A=l .8 is used. Instead of using Rfi the gradient Richardson number Ri has been 
estimated from z/L at the 1.8 m level. This has been done by using: 

Ri =~·!__ 
</>~ L 

(3.5) 

where </>hand <f>m are obtained from Eq. 2.10 and 2.13. Since the Richardson number is 
supposed to describe the stratification in the stable TIBL, only the stable values from 
the 1.8 m level has been used. An average of these values yields Ri=0.0039. Together 
with the other results above an a=0.0024 is obtained. 

To see the development of the internal boundary layer during the day, the IBL height 
h has been estimated at five different times. The result is seen in table 3 .1. 

Table 3.1. Temperature difference, mean temperature, wind speed and the IBL height at five different 
times during the 2 March. 

-
.dB [K] B [K] U [ms-1] h [m] 

12.30 3.4 268.5 5.5 0.59 
14.30 4.8 269.3 7.2 0.66 
16.30 5.1 270.l 10.2 0.90 
18.30 4.4 270.7 8.7 0.83 
20.30 4.3 271.1 8.5 0.82 

As can be seen the height of the stable TIBL increases during the afternoon, This is 
due to the increasing wind speed. The height has a maximum around 16.30 and then 
decreases as the wind calms down. The reason why the wind speed has an effect on 
the height of the stable TIBL is connected with the wind's large influence on the 
stratification. As the wind speed increases, both the stable TIBL and the unstable 
layer above the stable TIBL becomes more neutral. The increase of turbulence in the 
stable TIBL in combination with the decreasing instability in the layer above together 
yield the increase in height of the stable TIBL. 

The values of h are somewhat smaller than expected. Since it was slightly stable at 1.8 
m height on the afternoon, one could expect that the height of the stable TIBL should 
be higher than 1.8 m. The small values of h can be due to uncertainties when 
estimating for example a. Since there were not enough levels measuring temperature, 
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it was not possible to find a temperature profile for measuring A. Instead Garratt's 
value was used as an approximation. As can be seen in the small value of the obtained 
Richardson number, the conditions were close to neutral. It is possible that another 
type of expression should be used during such near neutral conditions on such a small 
scale. 

3.4 Ice breeze circulation 

On the morning of 3 March 1998 a vertical circulation started over the marginal ice 
zone outside the Umea site. This phenomenon, called the ice breeze circulation was of 
somewhat larger scale than the TIBL formed on the 2 March. It was driven by the 
temperature contrast between land/ice and the open water 6 km south of the Umea 
site. The ice breeze circulation is in fact the same thing as the land breeze that can 
develop during summer nights. They both are circulations with an offshore flow at the 
su~face level and the mechanism responsible for the circulation is the same. 

3.4.1 Theory-the sea/land breeze circulation 

On clear calm days in coastal and lake-side areas it is common to find an onshore 
wind called sea breeze or lake breeze. At night the sea breeze is replaced by a weaker 
offshore flow. This is the land breeze. Both the sea breeze and the land breeze are 
parts of vertical circulation patterns based on the same mechanism. A schematic 
figure of the see breeze circulation is shown in Figure 3.8. On clear days with calm 
gradient winds solar radiation heats up the land surface more quickly than the sea 
surface. This yields a temperature gradient between land and sea. Over land the air 
rises due to the heating of air by the warm land surface (A-B). Hydrostatic conditions 
make the vertical pressure gradient smaller over land than over sea, so the pressure 
increase over land (B) relative to the same height over sea (C).This horizontal 
pressure gradient causes a slight flow from B to C. Over sea there is subsidence 
between C and D due to the cooling of air by the sea surface. The horizontal pressure 
gradient yields the flow between D' and A, which is the sea breeze. The land breeze 

Figure 3.8. Schematic figure of the sea breeze circulation (Atkinson 1981) 

25 



circulation is reversed to the one described above. The land breeze forms at night 
when land cools more rapidly than the sea surface, which yields a temperature 
gradient opposite to the one at daytime. Compared to the sea breeze circulation, the 
land breeze circulation is much weaker both in velocity and height. 

In the section above describing the circulation mechanism, conditions are simplified 
since the only factor, affecting the circulation that is considered is the temperature 
contrast between land and sea. In practice there are several factors that can have an 
effect on the development of a sea/land breeze circulation, one of the most important 
factors being the gradient wind. When strong gradient winds exist, the sea/land breeze 
does not develop. This is because the gradient wind simply destroys the much weaker 
sea/land breeze circulation or at least the temperature gradient responsible for it. On 
occasions with weaker gradient winds and a circulation, studies have concentrated on 
the effect of the gradient wind direction -onshore, offshore or parallel to the coast 
(Atkinson 1981 ). These studies have mostly been concerned with the sea breeze, since 
it is easier to observe than the land breeze. Because of the weakness of the land 
breeze, even small onshore gradient winds are likely to prevent the development of a 
land breeze circulation. 

It is clear from the discussion above that the temperature contrast between land and 
sea must, in some manner, overcome the gradient wind. Lyons (1972) used the 
balance between the temperature contrast and the gradient wind in an effort to predict 
the Chicago lake breeze. He developed a simple forecasting scheme based on a 
dimensionless number, 

(3.6) 

where Vg is the geostrophic wind, Cp=l.005 Jg-1K-1 the specific heat of dry air and '1.T 
the difference (°C) between the maximum air temperature over land and the mean 
water temperature. It was found that a=IO was a critical value. For values above 10 a 
lake breeze would not be expected at the shoreline. 

3.4.2 Observation of the ice breeze 

The ice breeze circulation was discovered on the morning of 3 March with piball 
tracking technique. As seen in the wind profile from 6.30 (Figure 3.9) the balloon 
started to change direction at 200-300 m height above ground. In the lowest 200 m the 
wind direction is about 0° which is offshore flow. Between 600 and 800 m the wind 
direction has changed to about 220° which is onshore flow. The same clear pattern 
was seen in wind profiles from 10.30 and 12.30. On the morning the geostrophic wind · 
was onshore. At 12.30 it had changed direction to offshore but during the day it was 
never larger than 8 ms-1 in magnitude. The ice breeze circulation probably started 
around 6.00 in the morning after the large decrease in air temperature (see Figure 3.5). 
It lasted throughout the afternoon and probably faded out around 18.00 according to a 
weaker change in wind direction with height in the 18.30 wind profile. The height of 
the ice breeze circulation was in the order of 500 to 1 OOO m during the whole day. The 
horizontal extension of the circulation was 6 to 10 km. In Figure 3 .10 a schematic 
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figure of the circulation can be seen. The idealised streamlines as well as the 
trajectory of the pilot balloons are shown. 
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Figure 3.9. Wind speed and wind direction profile from the Umea site at 6.30 the 3 March 1998. The 
different symbols indicate different balloons. 
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Figure 3.10. Schematic figure of the ice breeze circulation. The trajectory of the balloons is also shown 
(Magnusson 1999). 
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3.4.3 Test of circulation criterion 

As in the sea/land breeze case, the driving force of the ice breeze circulation is the 
temperature difference between sea and land/ice. In both cases the circulation is 
hindered if the gradient wind is too large. Since both cases depend on the same 
parameters it should be possible to use the same type of criterion for occurrence in the 
ice breeze case as in the sea breeze case. To see if this is true, Lyons criterion (Eq. 
3.6) has been applied on the ice breeze case. The geostrophic wind is obtained from 
the wind profile and '1.T is taken as the difference between the temperature at 3.5 m 
height at the Umea mast and the water surface temperature. The latter is assumed to 
be 0 °C. 

The criterion is applied on two occasions; at 6.30 the 3 March, when it is known that 
an ice breeze was formed and at 14.30 the 2 March when it is known that an ice 
breeze did not develop. At 6.30 the 3 March Vg=7 ms-1 and '1.T=lO °C. Eq. 3.6 then 
yields o=4.9 which, with Lyons critical value o=IO, means that a circulation will 
start. At 14.30 the 2 March Vg=12 ms-1 and .t1.T=4 °C which yields o=36. Thus, with 
Lyons critical value, an ice breeze will not occur. According to these two results it 
appears that a criterion of the type that Lyons used, applies for the ice breeze. Even 
the critical value of o=IO seems to be of the right order. 
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4. Conclusions 

In section 2 several turbulence parameters were studied with respect to stability 
during stable conditions over ice. The stability dependence of the normalised standard 
deviations of the three wind components followed reasonably well the results of 
earlier studies (Panofsky and Dutton 1984). Especially notable is the increase with 
stability for stronger stability. This increase was seen in the standard deviation of all 
the three wind components. A remarkable result is the increase of crwfu* with height. 
A closer study showed that crwfu* is a function of a pressure gradient scale, u,/f 
proportional to the height of the neutral boundary layer. A linear increase of crwfu* 
with ln(zjlu*) was observed, with regression coefficients in close agreement with the 
results of Hagstrom (1990). 

From the results in section 2 it appears that the turbulence structure in the stable 
boundary layer over ice follows the Monin-Obukhov similarity theory. For some of 
the studied parameters the result from the Umea site (10 m height) deviates from the 
two others (Kokkola 3.5 m and Aranda 2m height). This is especially clear for the 
buoyancy length scale ls and the ratio of the standard deviations of the vertical and 
horizontal wind component, crwf cru. The deviation is a clear indication that the height 
of the surface layer, during stable conditions with homogeneous ice fetch, can be even 
less than 10 m. The results of ls and crwfcru also show that the influence of the surface 
(wall effect) is important for the turbulence structure in the stable surface layer. 

In section 3 it was shown that thermally induced phenomena develop over the 
marginal ice zone, just as they do at the coast during summer. Phenomena that can 
occur are thermal internal boundary layers (TIBLs) and 'ice breezes'. What kind of 
phenomenon that starts depends on the temperature difference between ice and sea as 
well as the large-scale wind. 

During the study of the TIBL it was found that new ice and snow covered fast ice can 
be very different with respect to surface temperature and heat flux. This difference 
can be large enough to be responsible for the formation of a TIBL. The expression 
Garratt (1987) used to find the TIBL-height during offshore flow with long fetch is 
used on a much smaller scale with onshore flow. A somewhat lower result than 
expected is obtained, possibly due to the smaller scale and the more neutral 
conditions. 

In the last section the 'ice breeze' was studied. It is the same type of circulation as the 
land/sea breeze but it occurs during winter at the marginal ice zone. A weak synoptic 
pressure field is important for the ice breeze to develop, since the geostrophic wind 
tends to destroy the circulation. Lyons (1972) used a criterion, based on the ratio of 
the geostrophic wind and the temperature difference between land and sea, to forecast 
the sea breeze. The same type of criterion appears to be applicable also for the ice 
breeze. 
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