


Fig. 2. Wind rose from Frøya at 100 m height, the colors indicate wind
speed (m/s) given in the legend to the right.

in an mountainous open area, classified by the Norwe-
gian Mapping Authority [16]. The Norwegian Water Re-
sources and Energy Directorate [17] assigns a roughness
length of z0 = 0.03 m for bare mountains, which is the
value applied in all direction sectors for the two masts
at Roan. The topography around the masts is shown in
Figure 3.

Fig. 3. Map showing the topography around the Roan masts, marked
with red dots. Image reproduced with permission of the rights holder,
Meventus.

1) Roan 327: This mast is located on a peak in a
mountainous area at an elevation of 365 m, and Figure
4 displays its wind rose. The distance to the sea in the
main wind direction, west, is 7.5 - 9.5 km while the wind
from the other main wind direction, south-east, comes
from land. Approximately one year of data is available
from Roan 327 and the sonic anemometer performed
measurements from March 14 2015 until December 5
2015.

Fig. 4. Wind rose from Roan 327 at 100 m height, the colors indicate
wind speed (m/s) given in the legend to the right.

2) Roan328: This mast is located at an elevation of
365 m, near the peak of a mountainous area. The wind
rose in Figure 5 shows that winds from south-east are
less frequent here than at Roan 327. The distance to
the sea in the main wind direction, west, is around 6
km, when sea is defined as being outside two small
islands that are coupled to land. In the other main wind
direction, south-east, the wind has travelled over land.
Approximately one year of data is available, while the
sonic anemometer only performed measurements for 1.5
months, from April 15 2015 until May 31 2015, before it
was struck by lightning.

Fig. 5. Wind rose from Roan 328 at 100 m height, the colors indicate
wind speed (m/s) given in the legend to the right.

C. Data Analysis

The pressure at all sites is corrected for height ac-
cording to ISO 2533 [18], as are the temperature mea-
surements at Roan, assuming a linear variation of the
temperature with geopotential altitude. All data from
the masts are 10 min. mean values except the pressure
and relative humidity data from Sula which are 1 hour
averages. At the top height of all three masts there are
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two anemometers mounted with an approximate 180◦
angle between them allowing measurements from the
upstream anemometer to be utilized at all times. For the
lower heights at Roan where only one anemometer is
available, a 45◦ sector has been filtered out in order to
avoid any flow distortion caused by the mast.

1) Surface boundary layer height: Monin-Obukhov the-
ory is only valid for uniform horizontal flow within the
surface boundary layer [6], which is generally accepted
to be the bottom 10% of the planetary boundary layer.
Two methods for filtering out the measurements where
the surface boundary layer height was below 100 m
have here been considered. First, the simple formula of
Tennekes [19] was used,

zsl = c
u∗
f

, (6)

with c = 0.25 and f = 0.0001. The expression for the
friction velocity is by DNV [13] given to be

u∗ = ū

√
κ2

(ln z
z0
)2 , (7)

where κ = 0.4. This method resulted in a threshold
value for the friction velocity based on the mean wind
speed. The resulting atmospheric stability distribution
was lacking results for low wind speeds, and this method
was thus discarded.

Although Monin and Obukhov [6] in their theory
assume that the fluxes can be considered independent
of height in the surface boundary layer, Panofsky [20]
found this not to be true and Stull [8] defines the surface
layer as the area in which turbulent fluxes and stress
vary by less than 10% of their surface values. Using the
relationship between the turbulent friction stress and the
friction velocity,

u∗ =
√

τ

ρ
, (8)

the surface boundary layer was defined as the layer in
which the friction velocity varies no more than 5% from
its value at the surface [21].

Panofsky [20] offers an expression for the correction
of the friction velocity with height,

u∗(z) = u∗sur f ace − 6 f z, (9)

which is valid for neutral conditions in homogeneous
terrain. Equation 7 was used to esimate the surface
friction velocity and was extrapolated to 100 m using
Equation 9. This approach resulted in large losses of data
points; 78% at Roan 328 and 59% at Frøya and Roan
327. The distributions of atmospheric stability however,
were found to be very similar before and after filtering.
The main difference was a loss in very unstable con-
ditions and less smooth distribution due to the loss in

data points. Weber [14] found that the friction velocity
decreases with increasing atmospheric stability. This can
imply that for very unstable conditions the friction ve-
locity has a larger decreasing gradient, meaning that a
decrease of 5% from its surface value will occur at a
lower height for very unstable conditions. This results
in a lower surface boundary layer height as the investi-
gations above suggest. The aim of this work is to present
representative atmospheric stability distributions at two
sites and compare them. Therefore, it is considered a bias
when only very unstable conditions are filtered out, and
it is decided not to filter for the surface boundary layer
height.

V. COMPARING METHODS

A. Results

Figure 6 shows the atmospheric stability distribution
at Frøya for the surface Richardson method and Figure 7
shows the distribution for the bulk Richardson method.
The black curve in the plots shows the amount of data
in each bar, given in percent also indicated by the y-axis.
The distributions are concurrent and consist of 20542
data points.

Fig. 6. The surface Richardson method between 100 and 0 m at Frøya.

Fig. 7. The bulk Richardson method between 100 and 10 m at Frøya.
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The atmospheric stability distributions at Roan 327
are shown in Figures 8, 9 and 10 for the surface Richard-
son, bulk Richardson and sonic methods, respectively.
Only concurrent time steps are plotted, resulting in 13776
data points, starting from April 14 until December 04.
The distributions are shown for the comparison between
the different methods and are not representative for
the area, as the winter months when stable conditions
dominate are not present.

Fig. 8. The surface Richardson method between 100 and 0 m at Roan
327.

Fig. 9. The bulk Richardson method between 100 and 10 m at Roan
327.

B. Dependency of accurate measurements

Table III shows an average bulk Richardson number
at Roan 327 calculated based on average values of tem-
perature, wind speed, pressure and relative humidity at
the site. The average temperature values are then altered
within the confines of the accuracy of the temperature
measurements, given in Table I, in order to investigate
how the Richardson number is affected by worst case
inaccuracies. As Table III shows, the Richardson number
is very sensitive to changes in temperature. In fact, the
value of Ri = 0.89 on row two would be filtered out
because Equation 4 is only valid for Ri < 0.2. Golder
[22] comments that the errors in the measurement of
the wind at two levels can cause great errors in the

Fig. 10. The sonic method at 98 m at Roan 327.

Richardson number, resulting in a larger scatter for the
inaccurately measured data. This shows that the two
measuring heights should be as far apart as possible in
order for potential inaccuracies in measurements to not
affect the results.

TABLE III. UNCERTAINTY ANALYSIS FOR THE MEAN VALUES AT
ROAN 327

Temperatures Ribulk

T2, T1 -1.64
T2 + 0.2K, T1 − 0.2K 0.89
T2 − 0.2K, T1 + 0.2K -4.18

For the data at Roan, the temperature at the bottom
height has been linearly corrected to 0 m and 20 m for
the surface Richardson and bulk Richardson methods,
respectively. The temperature gradient is largest closest
to ground [8], [9], and correcting it linearly for height is
a rough estimate that leads to large uncertainties, espe-
cially because the Richardson number is so dependent of
accurate values, as discussed above.

C. Discussion

The results from Frøya and Roan 327 in Figures 6, 7,
8, 9 and 10 clearly show that the stability distribution for
a site varies, depending on which method is chosen to
obtain it.

Stable conditions were expected to be predominant
close to the ground where the temperature gradient is
largest. And the surface Richardson method from Frøya
in Figure 6 does show a higher frequency of stable
conditions than the bulk Richardson method from Frøya
in Figure 7, supporting this hypothesis. It seems that the
surface Richardson method displays surface effects that
the bulk Richardson method does not convey.

At Roan 327, the surface Richardson method, bulk
Richardson method and the sonic method in Figures 8,
9 and 10, respectively, show opposite trends of those at
Frøya. This can be due to inaccuracies caused either by
the linear correction of the temperature for height or by
the measurements. The surface Richardson method in
Figure 8 especially shows a unrealistically low frequency
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of very stable conditions. The bulk Richardson method in
Figure 9 is less affected by the linear correction of height
which is most inaccurate closest to ground.

It is interesting to see that the sonic method shows
a very similar distribution to the Richardson methods,
keeping in mind the curves showing data recovery.
The sonic method is valid at 98 m, while the surface
Richardson and bulk Richardson are valid at their geo-
metric mean heights zm. The lower amount of unstable
conditions are thus understandable as the sonic method
is valid higher up where the temperature gradient is
smaller. However, there are uncertainties related to the
temperature derived from sonic anemometers [23], and
the temperature from the sonic anemometer mounted at
98m was found to deviate from the values measured by
the Galltec Mess KP thermometer mounted at 97 m with
approximately +1.5 K. This temperature is used to find
the covariance with the vertical wind speed and exposes
a weakness in the sonic measurements. In addition, the
sonic data were rotated to align the coordinate system
to the mean wind, which is reported to be a flawed
method, especially in inhomogeneous terrain [14], [24].
The experiences from this measuring campaign are that
these anemometers are unstable and expensive. Hence,
the sonic method is considered more uncertain than the
Richardson methods.

VI. COMPARING SITES

The atmospheric stability distributions at the three
masts are compared in two ways. First, all three masts
are compared quantitatively based on representative
distributions from each site. This is done because the
measurements at Frøya ended before the measuring
campaign at Roan started. It also ensures a large amount
of data points for each distribution. The bulk Richardson
method is chosen for this comparison as the focus of
this paper is on large scale wind power, and the surface
effects are thus not of interest. Second, the correlation
in atmospheric stability is investigated between the two
masts at Roan for only concurrent data points.

A. Results

In Figures 11, 12 and 13 the atmospheric stability
distributions at Frøya, Roan 327 and Roan 328 are shown,
respectively. Figure 14 shows plots of the very stable,
neutral and very unstable conditions at the three sites.
The curves for stable and unstable conditions were very
similar at all three sites and are thus not compared
further.

Fig. 11. The atmospheric stability distribution at Frøya. 86256 data
points.

Fig. 12. The atmospheric stability distribution at Roan 327. 27533 data
points.

Fig. 13. The atmospheric stability distribution at Roan 328. 19460 data
points.
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Fig. 14. Comparison of the distributions at the three masts. Yellow
shows very unstable, blue very stable and green neutral conditions.

B. Discussion

The flow over mountains experiences a speed-up
effect over the peak, a slight wind speed reduction
upstream of the peak and a considerable reduction of
the wind speed over the downwind slope of the peak
[25], [26]. Zhang [26] found that this speed-up effect was
80% of the undisturbed upstream wind speed, but that
these effects are dulled in complex terrain where the
topography almost acts like a rough surface [26]. Based
on the map in Figure 3 it seems that Roan 328 is located
in the area of reduced wind speed prior to a peak when
the wind is coming from the south. This causes the mean
wind speed to be lower there than at the other sites, as
reported in Table II. Furthermore, the map in Figure 3
shows that the wind at Roan 327 has already passed over
mountains coming both from the west and the south,
resulting in higher wind speeds there than at Roan 328,
in accordance with the findings of Zhang [26]. The main
wind direction at Frøya is undisturbed flow from the sea,
resulting in the highest mean wind speed of the three
sites there, as seen in Table II.

The fact that Roan 328 is the site with the lowest
mean wind speed and highest mean temperatures result
in the highest frequency of unstable conditions for all
wind speeds at this site, as Figure 14 shows. This is
in accordance with Golder [22] and Panchal and Chan-
drasekharan [27] who both found that an increase in
terrain roughness leads to a shift towards unstable condi-
tions. The higher wind speeds and lower temperatures at
Roan 327 lead to weaker heat fluxes at this site, resulting
in a higher frequency of neutral conditions.

It is generally understood that winds at sea are
stronger and less turbulent than winds on land [28]. Peña
et al [2] found neutral conditions to prevail on off shore
sites in the North Sea, while stable conditions have been
found to be most common at coastal sites [4]. Coelingh
et al. [29] found that in the North Sea, the conditions
at coastal sites and at off shore platforms compare well
for higher wind speeds, above 7 m/s at 10 m height.
Heggem [30] researched the stability conditions at Frøya
during the winter months and found the conditions there

to be stable, especially for wind speeds below 8 m/s.
From the distribution in Figure 11 it thus seems that
seasonal trends are present at Frøya for the lower wind
speeds, with stable conditions occurring during winter
and unstable conditions occurring during summer. For
higher wind speeds however, neutral conditions from the
sea dominate.

C. Correlations of atmospheric stability

The two masts at Roan were both measuring in the
period 10.12.2014 until 29.11.2015, almost one full year.
For this time period, the atmospheric stability at the
two masts were compared. When only concurrent time
steps were considered, this left 2763 data points for
the bulk Richardson method, 1837 data points for the
surface Richardson method and 6219 data points for the
sonic method to be compared. The following results are
thus shown to give a first discussion of the correlation
between the two sites, not to be representative for the
conditions there.

The comparison is conducted by assigning each sta-
bility class a number from 1 (very unstable) to 5 (very
stable). The difference between this value at the two
masts is then calculated. If the difference is zero, the
stability conditions at the two masts are equal, while the
difference can maximum be four, meaning the conditions
are completely different at the two masts (very unstable
and very stable). As Table IV shows, for all three methods
it was found that approximately 50% of the occurrences
the difference was zero, meaning the two masts were
measuring the same stability conditions. It should also
be noted from Table IV that the sonic method is the
only method resulting in a difference of four between
the two sites, which might indicate that this method is
less reliable.

TABLE IV. THE FREQUENCY OF OCCURRENCES OF DIFFERENCES
BETWEEN THE STABILITY CLASSES AT THE TWO ROAN MASTS

Difference Bulk Richardson Surface Richardson Sonic
0 49% 57% 51%
1 32% 31% 26%
2 18% 11% 14%
3 1% 1% 3%
4 0% 0% 6%

Table V elaborates the findings from Table IV for the
bulk Richardson method by specifying the frequency of
stability conditions at one mast compared to the other.
The blank spaces mean there are no occurrences of that
combination of stability classes at the two sites. Table V
thus shows that the conditions at the two masts are either
both in the stable-neutral or unstable-neutral range. In
other words, for these data, the conditions are never
unstable at Roan 327 and stable at Roan 328 or vice versa,
indicating that the stability conditions at the two sites are
correlated. This could be expected as they are situated in
the same mountainous area.
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TABLE V. THE FREQUENCY OF STABILITY CONDITIONS AT ONE
MAST COMPARED TO THE OTHER

Roan 328

Very stable Stable Neutral Unstable Very
unstable

Very stable 11% 6% 7%

R
oa

n
32

7 Stable 3% 3% 6%

Neutral 3% 3% 22% 2% 1%

Unstable 5% 1% 1%

Very
unstable 6% 6% 13%

VII. CONCLUSION

The Monin-Obukhov theory is only valid under very
specific conditions which lead to large amounts of the
measured data being filtered out, both in this work
and in other works such as Lange [1] and Fechner [3].
Zilitinkevich and Esau [31] comment on this and are
motivated to find new models for calculating the fluxes
in the atmospheric boundary layer based on resistance
and heat-transfer laws. Here, the motivation was not
a theoretical one, but to produce representative atmo-
spheric stability distributions for the different sites and
to compare them. For this means, filtering for the surface
boundary layer height was found not to be necessary
as the filtering lead to a bias with loss of very unstable
conditions only.

Three methods for calculating atmospheric stabil-
ity have been compared, namely the bulk Richardson
method, the surface Richardson method and the sonic
method. It is shown that the resulting stability distri-
butions vary depending on which method is chosen.
Although the sonic method at Roan 327 led to a plausible
stability distribution, the temperature derived from the
sonic anemometer was consequently too high, causing
these results to be uncertain, and the Richardson meth-
ods to be favored. Which method to apply depends on
the area of interest in the atmosphere. If the strong sur-
face effects are of interest, the surface Richardson method
should be applied, while for wind power appliances,
where the conditions higher in the atmosphere are of
interest, the bulk Richardson method is a better choice.
It is generally advised to conduct temperature and wind
speed measurements at the same height so no correction
for height has to be conducted, as this leads to large
errors. Furthermore, the two measuring heights should
be as far apart as possible to avoid potential errors in the
measurements to affect the results.

The representative atmospheric stability distributions
at the three sites calculated with the bulk Richardson
method were also compared. Roan 328 was the mast
with the lowest mean wind speed and highest mean tem-
peratures and thus the site with the highest frequency
of very unstable conditions. At Roan 327, there was
a higher frequency of strong winds coming from the
south, leading to a higher mean wind speed and lower
mean temperature, and thus a higher frequency of neu-

tral conditions. At the coastal site Frøya the conditions
during high wind speeds were found to be neutral, as
is normal over sea. For lower wind speeds, the ocean
effects were found not to be decisive for the stability
conditions resulting in high frequencies of very stable
and very unstable conditions.

Data from the two masts at Roan were collected
during a concurrent time period so their distributions
could be directly compared. For all three methods it
was found that 50% of the time, Roan 327 and Roan
328 experienced the same stability conditions. It was
also showed that the conditions at the two masts calcu-
lated with the bulk Richardson method were both either
stable-neutral or neutral-unstable. This implies that the
stability conditions at the two sites were correlated.

The large loss in data points when the concurrent
time periods between the Roan masts were considered,
arose questions for further work. Firstly, the exercise of
comparing the stability classes during concurrent time
steps should be repeated when more data points are
available. Furthermore, it would be very interesting to be
able to describe stability also when Ri > 0.2 as this also
leads to large losses in data points. Lastly, authors define
the stability classes differently and a common definition
should be developed in order to facilitate the comparison
of different works.
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