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a comprehensive wind tunnel investigation [67, 68, 69, 70]. The transducer shadow
effect is a particularly simple case of flow distortion and a well-known source of
error in sonics with horizontal sound paths [27]. Less well known are the errors
associated with inaccuracies in probe head geometry [70] and the temperature
sensitivity of the sound transducers [70]. Finally, specific details in the design of a
given probe head may give rise to wind speed-dependent errors [68]. Wind tunnel
investigations and atmospheric sonic intercomparisons carried out at NCAR and
Risø [70] suggest that the accuracy and reliability of common off-the-shelf sonic
systems are approaching those of a fast-responding, calibrated cup anemometer.
However, the cup anemometer should still be employed for accurate determinations
of the mean wind speed. For measurements of the three-dimensional structure
of atmospheric turbulence the sonic anemometer seems to be the instrument of
choice.

6 TOPOGRAPHY

The wind close to the earth’s surface is strongly influenced by the nature of the
terrain surface, the detailed description of which is called topography. The inter-
action between the wind and the surface takes places on a broad range of length
scales, and much effort in boundary-layer meteorology has been devoted to the
separation of this range of scales into a number of characteristic domains which
can be systematically described, parameterized and/or modelled. For the purpose
of wind power meteorology, which is primarily concerned with the wind flow from
10 to 200 meters above the ground, the effects of the topography can be divided
into three typical categories [7]:

Roughness The collective effect of the terrain surface and its roughness elements,
leading to an overall retardation of the wind near the ground, is referred to
as the roughness of the terrain. The point of interest must be ‘far away’ from
the individual roughness elements, and the height usually much larger than
the height of these.

Obstacles Close to an obstacle, such as a building or shelter belt, the wind is
strongly influenced by the presence of the obstacle which may reduce the wind
speed considerably. To be of any consequence, the point of interest must be
‘close’ to the individual obstacle, and the height comparable to the height of
the obstacle.

Orography When the typical scale of the terrain features becomes much larger
than the height of the point of interest, they act as orographic elements to
the wind. Near the summit or the crest of hills, cliffs, ridges and escarpments,
the wind will accelerate while near the foot and in valleys it will decelerate.

This division of the topography – simple as it may seem – has proven extremely
useful in wind power meteorology [7] and it is invoked routinely [9] to describe the
complexity of the ‘real world’. Some terrain characteristics and concepts used for
the description and analysis of topography are introduced below.

6.1 Surface roughness

The roughness of a terrain surface can be parameterized by a single length scale,
the roughness length z0, the influence of which on the wind speed profile was given
by the logarithmic wind profile and the geostrophic drag law. Since the roughness
of an area is determined by the size and distribution of the roughness elements
it contains – including vegetation, built-up areas, and soil and water surfaces
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Figure 16. Different landscape types [7]: flat (upper left) and hilly (upper right)
terrain is generally within the performance limits of linearized flow models. As
the terrain gets steeper and more complex (lower left) the modelling uncertainties
become larger and present-day engineering models must be applied with utmost
care. The flow in mountains cut by deep valleys (lower right) may be investigated
using more advanced flow models and/or by measurements. (S. Rasmussen del.)

left) about 10% or less, mountainous (lower right) from about 10 to 50% or more.
The ruggedness index has also been used to develop an orographic performance

indicator for WAsP-predictions in complex terrain [79, 81] – where the indicator is
defined as the difference in the percentage fractions (∆RIX) between the predict-
ed and the reference site. This indicator may provide the sign and approximate
magnitude of the prediction error for situations where one or both of the sites are
situated in terrain well outside the recommended operational envelope, see Fig. 17.

The systematic trend in Fig. 17(a) indicates a strong influence of flow separa-
tion on the WAsP wind speed prediction error [79]. If the reference and predicted
sites are equally rugged, i.e. |∆RIX| small, the prediction errors are relatively s-
mall. If the reference site is rugged and the predicted site less rugged or flat, the
overall prediction is underestimated with a significant negative error. Conversely,
if the reference site is flat or less rugged than a rugged predicted site, the overall
prediction is overestimated with a significant positive error.

Figure 17(b) shows the same data, but arranged according to the ruggedness
index of the most rugged of the two sites. This figure indicates that accurate wind
speed predictions may be obtained even in mountainous terrain, provided that the
difference in ruggedness indices between the reference and predicted site is small.
This is obviously the case for the self-prediction at any category of site, but may
also occur for neighboring sites with similar orographical settings and orientation.
This represents an important application involving the prediction of wind speeds
and power production at adjacent sites along a steep ridge in a wind farm.
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Figure 8: Flow regimes for different roughness element densities: (a) isolated 
elements, (b) wake interference, (c) skimming. 
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Figure 9. Wave-number spectra of the velocity components upstream and at the
crest of a hill. Full line: streamwise, dashed line: lateral, dotted line: vertical.
Note the redistribution of energy from the streamwise component to the vertical
component by ‘rapid distortion’.

smaller for offshore flow and larger for onshore flow.
The spectral coherence, Coh(f), is a useful measure of the normalized spectral

distribution of spatial correlations. Note however that the integral of
√

Coh(f)
over all frequencies is different from the correlation. The spectral coherence is
defined as

Coh(f) =
Q2

12(f) + Co2
12(f)

S1(f)S2(f)
(4)

where Q12 is the quadrature spectrum, Co12 the cospectrum and S1 and S2 the
power spectra measured at the physically separated positions 1 and 2. The coher-
ence is an important quantity when translating Eulerian spectra into spectra in
a rotating frame of reference, such as that ’seen’ at a fixed position on a rotating
wind turbine blade [42, 43]. It is quite difficult to measure coherences with suffi-
cient statistical significance and consequently there is a lot of scatter in measured
values. Traditionally, very simple exponential models have been used to describe
the coherence functions [44], for coherences along the wind and perpendicular to
the mean wind, in the lateral and in the vertical. The coherence for separations
perpendicular to the mean wind in neutral conditions, is described well by the
following model, even in wake situations [45]

Coh(f,∆s) = exp
(
−aif∆s

U

)
(5)

where ∆s is the separation and ai depend on the velocity component and the di-
rection of separation (vertical or lateral). For the u-component ai = 12+11∆z/zavg

for vertical separation and ai = 12 + 11∆y/z for lateral separation – where ∆z
is the height difference, zavg the average of the two heights, and ∆y the lateral
separation at the same height z. In the literature, several other models of varying
degrees of sophistication can be found [46].

The coherences also depend on stability: the decay constant ai increases sig-
nificantly in stable conditions, and decreases slowly with increasing instability.
In strongly stable conditions, the picture is somewhat blurred by the fact that
the low-intensity, small-scale turbulent fluctuations are masked by the presence
of slow, large-scale, highly coherent, two-dimensional structures. Except for mi-
nor differences in average stability (slightly more stable over the sea) there is no
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The wind is generated by large-scale pressure differences and under certain
simplifying circumstances a fictitious wind speed, the geostrophic wind, which is
representative for the wind speed driving the boundary layer, can be calculated
from the pressure field. Using information about surface roughness and stability, it
is then possible to calculate the wind speed near the surface using the geostrophic
drag law

G =
u∗
κ

√[
ln

(
u∗
fz0

)
− A

]2

+ B2 (3)

where G is the geostrophic wind, f the Coriolis parameter, and A and B are
dimensionless functions of stability (for neutral conditions, A = 1.8, B = 4.5). If
the geostrophic wind is known, it is quite simple to calculate u∗ for a given z0

and use Eq. (2) for the calculation of the wind speed at a certain height. This
is basically the double vertical extrapolation method described in the previous
section.

In sloping terrain and over hills, certain layers of the flow accelerate, leading to
different shapes of the wind profiles. The shear in local height ranges may then
be much higher than that implied by Eq. (2), see Fig. 7(a). In-depth treatment of
flow in changing terrain can be found in [27], and simple engineering approaches
in [28] and [24].
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Figure 7. (a) Normalized wind profiles observed upwind, at the crest, and at the
foot downwind of a two-dimensional ridge [27]. (b) Wind profiles upwind and 5.3
rotor diameters downwind of an operating wind turbine [26]. Seventeen time-series
of 30-minute duration, with hub-height wind speeds in the range from 6 to 8 m s−1

and near-neutral conditions, were selected for calculation of this average wind
profile.

In the wake of an operating wind turbine, the mean flow speed decreases down-
stream of the rotor, giving rise to the formation of strong shear layers near the
edges of the wake, especially near the top of the wake. Initially, the wake diameter
is close to the rotor diameter, but as the flow moves away from the rotor, turbulent
mixing gradually increases the wake diameter and decreases the velocity deficit.
At a distance of about 10 rotor diameters downstream, the flow has almost recov-
ered and the wind profile is close to the upstream profile. An example of the wind
profile five rotor diameters downstream of a wind turbine is shown in Fig. 7(b),
see also Fig. 10.
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