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FOREWORD

The development of wind energy calls for the contribution
of meteorologists during all phases of implementation of wind energy
systems, from the very first general wind energy resource assessment
of a region to the management of windmills or aero-generators once
they are built., This is the basic reason why, for many years, the
"World Meteorological Organization has been involved in various wind
energy related activities and, among others, in an active publication
programme which has resulted in two important volumes on this topic:

The WMO Technical Note no. 175 "Meteorological Aspects
of the Utilization of Wind Energy as an Energy Source", published
in 1981, reviewed the whole of the question and was addressed to
both the meteorologist and the wind energy technologist with the
basic aim of introducing each to the other: the latter should
know what assistance can be provided by the meteorologists and
how, and the former should be aware of the questions he will have
to answer and why.

In 1983, another publication of WMO was devoted to wind
energy:  the second part of "Climate Applications Referral Syster
' (CARS)/Soldr enszgy, Wind energy” (WCP no. 56) provides inform-
"ation on concrete, practical methods of meteorology as applied to
. wind energy questions. Following a simple description of each
method, references are given indicating where more information can
be sought, if needed.

The objective of the present publication "Extrapolation of
mean wind statistics with special regard to wind energy applications"
is to review present knowledge about one of the most important
questions related to wind energy development in on area. "What can
be said about the behaviour of wind in places where no measurements
are made?", The different aspects of this question - vertical extra-
polation, horizontal extrapolation, assessment of the influence of
underlying surface roughness, estimation of the perturbations induced
by terrain features - are considered here with the pragmatic view of
the specialist in opplied climatology but without over-simplification.

This difficult task of achieving an acceptable compromise
between the useful and the true was carried out by Drs. N.O. Jensen,
E.L. Petersen and I. Troen of the Risg National Laboratory (Réskilde,
Denmark). I thank them for this important contribution to the World
Climate Programme.

s —
-
(G.O.P. Obasi)

Secretary-General
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ABSTRACT :

To help wind energy decision-makers, meteorologists must
know how to extrapolate wind data because data often do not exist
for the site where the wind machine is to be located, This report
is devoted to both the vertical and the horizontal extrapolations
of the mean wind speed. Basic notions and explanations on "wind
energy meteorology" can be found in WMO Technical Note 175 "Meteo-
rological Aspects of the Utilization of Wind as an Energy Source".

The report introduces in Chapter 2 the notion of "mean"
wind speed as seen from the point of view of the wind energy
engineer. Chapter 3 describes the power curve of a wind machine
and shows why the use of a Weibull distribution for fitting wind
speed data (when it is possible) is particularly convenient for
further analysis of energy production. An analysis of the Weibull
distribution is provided to the reader in Chapter 4, with examples
related to wind study.

Chapter 5 is devoted to the vertical profile of wind under
"ideal" conditions, i.e. when the underlying surface is horizontal
and homogeneous. The influences of the atmospheric stability and
of the underlying surface roughness are analysed both from a theo-
retical and from an empirical point of view, leading to the present-
ation of practical methods for vertical extrapolation. The perturba-
tions caused by simple changes in underlying surface conditions are
given in Chapter 6, which suggests practical ways to tackle with
this problem. Chapter 7 focuses on the perturbations induced by
"low terrain features" that is to say by smooth topographic varia-
bility; theoretical elements are provided as well as empirical
methods to estimate the effects of ridges and escarpments. Some
corrections that can be introduced to correct for local shelter
effects (e.g. buildings) are listed in Chapter 8.

Horizontal extrapolation is covered in Chapter 9 stressing
the fact that, in practice, horizontal and vertical extrapolations
ore linked problems: the authors suggest not to try to directly
interpolate mean wind speed between stations (even after careful
screening or corrections) but rather to go through the intermediary
of the geostrophic wind. Related example of national and inter-
national studies are provided. Chapter 10 describes on-going
research about wind flows in complicated terrains (e.g. mountains)
where many different mechanical and thermal effects should be
analysed. Chapter 11 considers some questions related to wind data
measurement, ond handling. Finally, Chapter 12 provides the reader
with a wide bibliography related to the whole subject of the report.



1. INTRODUCTION

The renewed interest in the use of wind energy has led to.a
number of investigations addressing the problem of assessing
the wind climate of a region or a specific location. In general
the available observational data refer neither to the height
nor the locations of interest for siting of wind turbines.

- Therefore it is almost always necessary to perform vertical

and horizontal extrapolation of the data. This report deals
with the theory for horizontal and vertical extrapolation of
mean wind speed. The main discussion focuses on the wind struc-
ture over simple complex terrain. With the term simple complex
terrain is meant terrain which conform to types which are

dealt with in contemporary literature, e.g. step changes in
surface roughness or temperature, or moderate changes in sur-
face elevation. However, Chapter 10 offers some comments on

winds in real, complicated terrain.

With respect to the concrete use of meteorological information:
in the field of wind energy reference is made to the Climate
Applications Referral System, Wind Energy (WCP-56, WMO 1983).
The referral system provides references including review of
proven methods tried, tested and operationally used in some

region or country.

2. DEFINITION OF MEAN WIND SPEED

Due to the finite response time of the rotor system on a Wind
generator, it\is not necessary to attempt very short time aver-
aging or rapid sampling of wind statistics. for turbine output
calculation. The relative error, A, in the estimate by fast
sampled winds can be shown to be of order



2
A =3<ﬁ> (2.1)
G

where o is the standard deviation of the wind speed u relative
to the average value U sensed by the turbine. Here overbar in-
dicates a time averaged value. The question now is what is the
appropriate averaging time?

Irrespective of how fast parts of the rotor system react to
changes in wind speed (i.e. how rapid circulation build up on
a local blade segment) the total time response may be limited
by the spatial extend of the entire rotor. This is due to the
lack of lateral and vertical coherence in the wind field. The
coherence may be expressed as (Kristensen and Jensen, 1979)

coh = exp (—a e > (2.2)
, 5 _

~where n is the turbulent eddy frequency which is being consid-

- ered, and D is the spatial displacement between two points in
which the wind is being observed (i.e. in this case the rotor
.diameter). At heights relevant for wind generators, the constant
a is of order 10 (Kristensen et al., 1981).

Thus for a reasonable (0.6) coherence over the rotor area the
argument in the exponent in eq. (2.2) should be less than or
equal to 0.5, or equivalently

n<o0.5 5 (2.3)

nD

~hich means that all frequencies larger than the right-hand side
value are being filtered out to a larger or smaller degree. In
‘terms of averaging time this means that the only relevant values
of T are

T > 2 ab/u : , (2.4)



which for usual values of the involved parameters amount to the
order of 1 min.

Thus the averaging time of ¢ and G in Eq. (2.1) are akin to
normal micrometeorological usage in which o/0 is typically 0.2,
which amounts to an overestimation of A = 10% if instantaneous
wind values are used rather than proper averages. However, most-

ly this is not the problem.

On the other hand, much larger averaging times will cause the
energy production to be estimated too low. If for example one
would use the daily average speed, and the local wind climate
consisted of a breeze situation in which a generator could only
be on or off, and for simplicity the split between these two
states were 50%, the ratio between the energy production using
the average wind speed only and the true energy production
would be

Fu)3/Fud =1 - (2.5)

where up is the maximum wind speed during the day. Thus in this
case the energy estimate is in error (too low) with a factor of
four. Thus the averaging time should be chosen as low as pos-
sible, but not necessarily lower than of the order of a few
minutes. Use of standard 10 min. average data seems adequate.

This is in agreement with the IEA-recommended averaging time for
"power curve" determination (Frandsen et al., 1982) which is
based on the requirements:for getting good statistical depen-
dency between simultaneous measurements of wind speed and gen-
erator output (Frandsen and Christensen, 1980). It also agrees
with the WMO/CAS (1971) recommendation on observationél require-
ments. The discussion in the chapters to follow implicitly as-
sume that data are 10 min. averages values. The last chapter

discusses the use of other data.



3. ESTIMATION OF WIND POWER

3.1. Power density

The energy flux (power density) in a flow of air through a unit
area at right angles to the surface of the earth is given by

E(u) = %v(mass per second per mz) (speed)2
= %'pu3 (kgs_3) ='% pul (Wm‘z) (3.9
where
E(u) = power density at wind speed u (Wm'z)
= density of air (1.2 kgm‘3)
u = horizontal wind speed (ms°1)

In Eg. (3.1) u is the instantaneous horizontal wind speed at a
given point. In practical applications the wind speed will al-
ways be a measured quantity which is created from u by averaging
over a time interval, as discussed in the previous chapter.

3.2. Power curve

The power curve P(u) of a wind turbine gives the energy it can
produce at a given wind speed. If the turbine could make use of
all the energy in the wind, the power curve of ‘the turbine would
be identical to Egq. (3.1). In practice a wind turbine will only
be able to use 20-30% of the available energy. A typical power

curve is shown in Fig. 3.3.

3.3. The probability density function

The mean energy production, P, for a wind turbine with power

curve P(u) can be determined by



P = PrqP(uq) + ProP(uj) + ... (3.2)

where the Pr's are weights that reflect the frequency of occur-
rence of the wind speed in a given interval. Pry, for example,
could be the fraction of time the wind speed is in the interval

from 0 to 1 ms“1, and P(u1) would be taken as the value of the

power characteristic at the mid-point of this interval. Figure
(3.1) illustrates the weighting function Pr; this function is

usually called the histogram. The sum of Pr's is exactly 1 (or
100%).

P

0 2 4 6 8 10 12 14
u(ms™)

Fig. 3.1. Weighting function Pr. Histogram of wind speeds.

The probability density function is the continuous counterpart
to the histogram. This function is sketched in Fig. (3.2). The

shaded area gives the probability that the wind speed lies in
the interval of u to u + Au.

Figure (3.2) also shows the accumulated probability density
function F(u) which gives the probability of wind speeds less

than u. The probability that the wind speed is larger than u
is given by 1-F(u).
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Fig. 3.2. Probability density function f(u) and
accumulated probability density function F(u).

The relationship between f(u) and F(u) is

u
F(u) = [/ f(u) du (3.3)
(o]

The probability density function can be used to rewrite Eq.
(3.2) as

)

P = [ f(u)P(u)du (3.4)
@)

Equation (3.4) shows clearly why it is so essential for wind
energy purposes to determine the probability density function
of the wind speed. Not only can the mean energy production‘a
be obtained, bhut also the form of the power curve P(u) can be
adapted to the form of f(u), so that P becomes as large as
possible, thus maximizing the output of the wind turbine.

The first, second, and third moment of the wind speed can be
directly calculated from the wind speed probability density
function by the following

]

uD = [ uPf(u)du , n = 1,2,3,... (3.5)
(o]



1T -

It follows that the mean energy density is given by

-]

E=40 [ udf(uau (3.6)
o

The probability density function f(u) can be obtained from
measurements of the wind speed over an appropriate time span
and with a suitable averaging time. As previously discussed

the averaging time should be of the order of 10 minutes. The
length of the measurement series depends upon the form of the
power curve since this curve typically eliminates the influence
of small wind speeds and damps the importance of the large wind
speeds. This means that for wind energy purposes, shorter meas-
urement series than are normally required for general wind
climatological investigations can be used.

Usually there will not exist measurement series of wind speeds
at the location where one wishes to place a wind turbine, and
most certainly not at the relevant height over the terrain -
the hub height. As will be described in Chapter 9 the determi-
nation of the probability density function f(u) at a given loc-
ation and height will often have to rely on the fact that the
measured wind speeds almost always follow a Weibull distribu-
tion. This distribution is described in detail in the following
chapter.

However, for the use in the rest of this chapter we note from
Chapter 4 that the Weibull distribution has two parameters A
(close to the mean value) and k (determining the shape, see Fig.
4.1). The mathematical expression is given by Eq. (4.1) and the
mean energy density by Eq. (4.4).

3.4. Determination of mean power production

For many wind turbines the power curve is reasonably well ap-

proximated by the simple shape shown in Fig. 3.3.
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Fig. 3.3. Simple linear power curve.

When the wind speed is less than uq, the turbine will not be
able to produce power (uq can be referred to as the starting
speed). Between uq and ujp the power output increases linearly
with wind speed to the value Phax (rated power) at wind speed
upy; thereafter the output is constant until a (possible) maxi-
mum wind épeed uy above which the turbine must be stopped for
reasons of safety. The expression for the mean power becomes
in this case (Petersen et. al, 1981):

: Pmax G k
Pin {Gy (ay) = Gyp(ay) - exp(-o3)} (3.7)
a2 %
where
u1 a2 u3
0 T — j ay =T — , a3 = — (3.8)
1 A 2 A 3 A

The function Gy(a) is 1/k times the incomplete gamma function
of two arguments 1/k and ok. The function is shown in Fig. 3.4
for a range of k. In practice the last term can often be neg-
lected since the very high wind speeds at which the turbine

must be stopped occur very infrequently. Figure 3.4 provides a
fast mean for calculating the production of a specific turbine

for various choices of A and k. Hence an uncertainty interval



for A and k can be transformed into an uncertainty interval for

the power production.

Example 3.1

A small wind turbine is to be placed at a certain site, The
power curve for the turbine is measured to correspond to the
simple linear shape with the parameters

starting speed Uy
stalling speed u,
rated power Pmax

The Weibull parameteré

6 ms—1
k = 2

i
]

which gives

aq = 0.83
o9 2.00
a2 "a‘] = 1017

it

-1
-1

i

5 ms

12 ms
50 kW

at hub height are estimated as:

0.68
0.88

Gr(a1)
Gk(a2)

from which the mean power can be calculated as:

P=50kW * ;147 (0.88 - 0.68) = 8.5 kW (3.9)

Repeating the calculations for A = 6*1 ms~! and k = 1.5 and 3

gives:
k
1.5 2 3
A
6.8 5.0 2.9 P
10.7 8.5 7.3 kw

7 14.0

13.0 10.0




If the turbine is not decided upon or the power curve not avail-
able the uncertainty calculations for variations in the Weibull
parameters have to be performed on the cubic power curve

P ~ u3

which gives (Eq. 4.4):

1 3
E = _ pA3T <1 + _.>Wm‘2 : (3.10)
2 Sk

Using the same parameters as above and p = 1.23 kgm‘3 gives:

R
1.5 2 3

1A
152 101 76 E
264 175 132 Wm™ 2
418 278 209

Comparing the two tables shows large differences when A is kept
constant and k is varied. However, it is seen that for k equal

2 and A varied the two methods give the same relative variation,
an uncertainty interval of approximately 100%. This is due to
the fact that the power curve for the wind turbine considered

is close to be the optimum linear power curve with respect to a
wind distribution with A = 6 ms~'; k = 2 (see Petersen et al.,
1981, Chapter 5).
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Fig. 3.4. Curves for the calculation of the mean
power by means of Eg. (3.7).

3.5. Power density function

It is sometimes of interest to evaluate how different ranges of
wind speeds will contribute to the power production. A very

simple estimate can be made by evaluating the mean energy con-
tent in the wind for different wind speeds. The mean power den-

sity is given as
E(u) = 4+ pud £ (u) (3.11)

where f(u) is the Weibull distribution corresponding to the
situation considered. A graph of this function gives a picture
of which wind speeds are important for the mean power produc-

tion. An example is shown in Fig. 3.5.
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3.5. Calculated and measured power density functions

for Alborg Airport, Denmark, at 10 metres height. The

calculated curve corresponds to the Weibull parameters

(A; k) = (6.2 ms™'; 1.79).

3.6. Power duration curve

From the Weibull parameters and the power curve the probability

that the power will exceed a certain value can be calculated.

The corresponding curve is called the power duration curve.

The probability ‘that the power will exceed P between zero and

Ppax 1S given by

k
PY )
Pr(Power > P) = exp /— (__
\ \a /)
with
Ppax
P = (uP—u1) or - up uq + (u2—u1)

max

(3.12)

(3.13) -



1T -

then

Pr(Power > P) = exp(-(oq + (a2—a1)k)) (3.14)

max

An example is shown in Fig. 3.6.

300 - T g T i T I T I I I
GEDSER WIND TURBINE
calculated
= 200 O——0O measured 1978 g
2
z
o
e
()
=
S 100 ]
@
a
—0— mean power
O 1 1 L 1 1 1 l l

O 10 20 30 40 50 60 70 80 90 100
PROBABILITY (% of time)

Fig. 3.6. Calculated and meaSured power duration curves
for the Gedser wind turbine (Denmark). The calculated
curve corresponds to the Weibull parameters (A; k) =
(7.6 ms™'; 1.76). |



4. WEIBULL FREQUENCY DISTRIBUTIONS

4.1. The Weibull distribution

The Weibull distribution is expressed mathematically as

e kK
f(u) = _ (E) exp J-( E) } , (4.1)
A \A ’l A

where
a>0, A>O0, k>0,

and where k is called the shape parameter and A is a scaling
parameter. The influence of the shape parameter on the shape of
f(u) is illustrated in Fig. 4.1. For k > 1 the function has a
maximum away from the origin, while for k < 1 it is monotoni-

- cally decreasing. For k = 1 the distribution is exponential,

k = 2 gives the Rayleigh distribution and k = 3.5 gives an ap-
. proximation to the normal distribution (Gaussian distribution).
The wind speed distributions are generally found to have a k
value between 1.5 and 3.0 and the value is often close to 2.0.

20 T T T T
k=0.4

1.5

1.0

0.5

0.0

Y . t———e—

3 b 5

Fig. 4.1. The imporfance of the'shape parameter k

for the shape of the Weibull distribution.



The accumulated Weibull distribution F(u) which -gives the
probability of having a wind speed equal to or less than u is
obtained by integrating Eq. (4.1) with the result

u
F(u) = 1 - exp(-<_>k) (4.2)

A special consequence of the Weibull distribution is that if
u is Weibull distributed, so is u™ with parameters

A_ = Al
(4.3)
=k
Km =@
Some of the most important statistical quantities of the Weibull
distributed variable u are listed below with the scale parameter

inserted.

Mean value AT (1 + %ﬁ

Variance A2[T(1 +‘%) - 121 + %ﬁ}

Mean square AZF(1 +‘%)

Mean cube A+ (4.4)
Mean energy %—pA3F(1 +'€9

Modal value A(kﬁl)1/k

Median value A(an)1/k

. k=1-
uMef(u) has its maximum for u equal to A < e
k
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4.2, Determination of the Weibull parameters

The determination of those values of the shape and scale par-
ameters which give the best fit to a given set of observations
given as a histogram can be performed by means of moment esti-
mates and the use of a maximum likeness criteria. These con-
cepts are briefly described in this section.

Maximum likeness

- For the application of this method the data are first grouped

in order to obtain a histogram -and thereafter A and k are chosen
so that the corresponding Weibull distribution has the best pos-
sible agreement with the histogram. For this a "maximum like-
ness" criterion (Barndorff-Nielsen, 1977) is applied. This cri- .
terion requires choosing the values of ‘A and k to maximize the
expression

I Priln(Pr;(A,k)) (4.5)

;'wherefPri(A,k);is the theoretical probability density in the
i'th interval, and Pr; is the corresponding probability density
derived from the observations.

It can be shown that maximizing Eg. (4.5) corresponds to mini-
mizing
Pri
e e , (4.6)
Pri (A, k)

The determination of maximum likeness estimates for A and k is
carried out numerically on a computer using an iterative al-
gorithm. The calculations are initiated by making a guess for
A and k. This guess is then based on estimates of the moments.

Estimates of the moments

The mean and mean cube values in the Weibull distribution are

given by Eq. (4.4}.



Defining
Xg(k) = I(1 +4) 17301 +4)
(4.7)
Xq(k) = 21 +4) 7T+
leads immediately to the following equations for k and A
Xq(k) = ;§
1 T3
53
(4.8)

3

The moment estimates for u and are calculated from the set

of observations by
u =
(4.9)

1
N

Use. of these estimates in Eq. (4.8) yields a set of equations
which can easily be solved iteratively to obtain "moment esti-
mates" for A and k.

Calculation procedure

In the practical calculations the moment estimates are calcu-
lated first. From these the starting values for maximum like-
ness parameters are chosen and an iterative solution is initi-
ated. The iterative procedure is stopped when the relative
change of the parameters becomes less than a certain percent-

age, say 1%.
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4,3. Diurnal variation, vearly variation and calms

Most wind speed records from heights below 100 metres will show
a pronounced diurnal and yearly variation. If the various wind
regimes corresponding to nighttime and daytime conditions and/or
the seasons are very much different it can be advantageous to
divide the series with respect to these regimes before estimat-
ing the distribution function. Hence for example by estimating
the Weibull parameters corresponding to day and night. One such
procedure is described in Rejkoort and Wieringé~(1983).

A problem that needs special attention is that of the recorded
occurrence of calms. Such periods can be defined as periods where
the wind speed is below a threshold wind speed up which is some-
where between 0.5 ms~1 and 2 ms~! dependent either on the skill
of the observer or the performance of a specific anemometer.

When a;Weibullldistribution is estimated from a data series

. with a high frequency of calms the fitting procedure most like-
ly will produce a distribution with a k close to one, i.e. an
exponentiél distribution. This is usually not a good approxi-
mation to the distribution of wind speed data in the frequency
range, relevant for wind energy production.

For the estimation of the distribution function in such cases
over the whole frequency range, a three-—parameter function would
‘often give a better fit than the Weibull function. However, what
is wanted from an analysis of the specific series at hand is
really not the best fit for-that'series but rather a statistical
basis for estimating the mean wind statistics at various places
in the region where the series was obtained. Hence to use the
series for performing horizontal and vertical extrapolation.

For that purpose we suggest that the problem of fitting a dis-
tribution to a data set with a high percentage of calms is cir-
cumvented in a very simple manner, namely by removing the calms
from the data and keeping the percentage of removed observa-
tions as an additional parameter to the two Weibull parameters.
Two examples will show the procedure.
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Example 4.1

Figure 4.2 shows a histogram obtained from wind speed data from
Mombasa Airport, Kenya. Hourly readings from an anemometer
placed at the height of 2 metres in the period 1957-71.

As is evident there is a high frequency of wind speeds below

1 kt. Estimation of a Weibull function yields the shown expo-
nential type curve with a k close to one. Figure 4.2 also shows
the result when the calms are removed before the £it.. The re-
sulting Weibull function with a k equal 2.3 fits the distri-
bution reasonable well in the relevant wind speed range. The
estimated parameters for the data are: A = 5.1 kt, k = 2.30,
freg(u < 1 kt) = 21.5%.

Example 4.2

Figure 4.3 follows the procedure as in the example above. The
data are from Station Nord in Greenland (81°936'N, 16940'w)
measured at the height of 10 metres and reported every 3 hours
(Hedegaard, 1983). Again it is seen that removing the calms be-
fore estimating the Weibull parameters results in an increase

in the shape parameters from approximately 1 to 2. The estimated
~ parameters for the data are: A = 5,0 ms—!, k = 1.84, freg(u <
0:5 ma=l) =068,

Note that there is a small error in the procedure because in
addition to the percentages of calms (u < up; T = 0.5 ms"1 in
the examples) which goes into the third parameter the Weibull
function itself gives a certain frequency for u < up. Hence the
parametric representations in the two examples give a higher
frequency of calms than is actually observed. In the examples
the error is less than 1%. However, if A and/or k are small a
correction has to be made. Usually only one more calculation

is necessary. If (obs) is the frequency of observed calms and
f(calms) is the frequency of calms not accounted for by the

- fitted Weibull distribution we have:
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up
f(calms) = f(obs) - (1-f(obs))(1-exp (— __.>k) (4.9)
A

which should be fulfilled within a few percent. Actually for
wind energy purpose we are not really interested in the distri-
bution of the probability mass for wind speeds below 5 ms~! as
was discussed in the previous chapter, but it is important for
estimating the right shape of the function for wind speeds

above 5 ms~!.

4.4, Global variation of the Weibull parameter k

It is not possible to give a general rule for the variation of
the Weibull k parameter with respect to latitude and altitude.
This for the reason as discussed in the main part of this report
that the wind speed is strongly influenced by local topography,
vegetation, structures, and surface heating properties. It is

- sometimes claimed that k is close to one in the Arctic regions
and near Equator. However, as follows from the two examples
above this is probably due to the frequent occurrence: of calms
in these regions combined with attempts to fit the Weibull dis-
tribution over the full range of wind speeds. In general k will
be in the interval from 1.5 to 2.5. For regions with very per-
sistent winds like the trade winds k can be as large as 3 or
more. Figure 4.4 shows such an example from the Cape Verde
Islands (14°N, 24°W). Data from temperate latitudes often have

k's close to 2.

In summary if data are not available for estimating k, a reason-
able guess will often be k equal to two, i.e. the distribution

will be estimated as a Rayleigh distribution.
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Fig. 4.2. Observed frequencies of occurrence of the wind speed

at Mombasa Airport at 2 metres,

1957-71. The estimated Weibull

distribution is shown as a continuous curve. Right figure is

inclusive calms and left figure exclusive calms. (Data courtesy

of the Meteorological Institute of Kenya).
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Fig. 4.3. Same as Fig. 4.2 but for Station Nord, Greenland,
10 metres height, 1962-72. Data from Hedegard (1983).
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Fig. 4.4. Observed frequencies of occurrence of the wind speed -
at Sal Airport, Cape Verde; 10 metres height, 1978. The esti-_
- mated Weibull distribution is shown as a continuous curve.

(Data -courtesy of .the Meteorological Institute of Capé Verde). . .

5. WIND PROFILES UNDER IDEAL CONDITIONS

The simplest extrapolation'metﬁod for the vertical variation
of the wind speed is based on the "1/7 power law", uj/uj =
(z1/22)1/7, where uq and u, are the wind speeds at the heights
z1 and zp. Various empirical methods for the determination of
the power law exponent -as function of atmospheric stability,
surface roughness, height etc. are given in the literature.
However, physically more correct methods for the extrapolation
are available. These are discussed in the next sections. In a
final section, we mention the geostrophic drag law, or what is
known about the integral property of the planetary boundary
layer.
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5.1. The neutral surface layer

Under neutral, horizontally homogeneous conditions the familiar
logarithmic wind profile

- U z
u=__1n ___ (5.1)
k Zo

is valid near the surface, and up to heights of approximately
100 m (Panofsky, 1973). In Eg. (5.1) ux is the so-called fric-
tion velocity which relates to the wind stress at the surface
(Lumley and Panofsky, 1964), and k is a dimensionless constant,
z is the height above ground, and z, is the surface roughness
length.

From profile analysis ux and 2z, are determined by plotting u
versus the logarithm of 2z, determining the slope (ux/k) and

the intercept with u = 0 (which determines 1lnz,). Under certain
conditions it is necessary to introduce a zero displacement
height (shift in origin of z from the actual ground) when zg
happens to be small relative to actual roughness elements (for
example at small heights above a forest). Typical values of z4
for a range of different natural surfaces are given in Fig. 5.1,

Alternative methods of determination of ux is by turbulence
measurements (eddy correlation, Lumley and Panofsky, 1964) or
by direct measurement of the surface drag (Lynch and Bradley,
1974).

The requirement to the conditions for horizontal homogeneity is
that advection should be small compared to other terms in the
equations of motion. Thus comparing ude/dx with the local pro-
duction of turbulent kinetic energy, e, leads to the condition
z/X << u4/0 which is typically fulfilled for height to fetch
ratios of 1/100. Requirements to stationarity can be considered
analogously. In general it is sufficient if the relative change
of windspeed A0/0 satisfies AQ/0 << 1.
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Fig. 5.1. ESDU 72026 1972 Summary of zg values for different:
types of surfaces which can be used when applying Eqg. (5.1).
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5.2. The non-neutral surface layer

Under non-neutral conditions, which may be defined as situations
where buoyancy production of turbulence is more than a few per-
cent of the shear production, Eg. (5.1) must be corrected ac-
cordingly.

For such conditions the similarity theory of Monin and Obukhov
(1954), which has substantial support from experimental work
(Businger et al., 1971, Dyer and Bradley, 1982), is followed:

~ u= z z
L A (5.2
k Zo L ‘

where ¥ is a function which corrects for the influence of tem-
perature stratification., L is the so-called Monin-Obukhov
length, which is the height at which buoyancy production becomes
of the order of the shear production of turbulence.

From Businger (1973) the following empirical expressions can
be derived:

(x+1)2(x2+1) 1-x
1n + 2 Arctan ___ , L <0

{ 8 1+x

(5.3)

where for the unstable case x is defined as x = (1-16 z/L)1/4.

It is a bit unfortunate that the mathematical form of ¥ in the
unstable case is so complicated. The reason is that the empiri-
cal curve fit was done on its differentiated form, which charac-
teristically enough then happens to be a relatively simple power
law. A convenient close approximation for the unstable case is

1/4
¢=(1~16.Z_) -1 (5.4)



which herewith is recommended.

Similar expressions as Egs. (5.2) and (5.3) regarding the tem-
perature profile near the ground are available (Businger, 1973).
In this connection they are of less importance, except that

they could aid in determination of L, and thereby in the verti-
cal extrapolation of wind speed. A simple iterative procedure
goes as follows:

For a set of measured values of wind and tempefature (or tempe-
rature difference if the surface temperature is not known), the
profile equations are solved for us and the equivalent tempera-
ture scale, 8%, assuming that |L| = o (i.e. neutral conditions).
The obtained values are used to calculate an estimate of L ac-
cording to its definition. With this value new estimates of ux
and 64 are obtained from the profile equations leading to a
refined value of L, and so on. The convergence is usually quite
good, except uhder extreme stability conditions, and only a few
of the above cycles are necessary. Louis (1979) has presented
an explicit scheme which can be applied in the case where wind
speed and temperature are available at one atmospheric level.

If the site is sufficiently homogeneous, it is even possible to
iterate and calculate L from measurements of wind speed alone
from a minimum of two different measurement levels, assuming
that the surface roughness is known (Lo, 1979).

An example of wind profiles under various stability conditions
are shown in Fig. 5.2. Nate the‘large»difference'in the wind
speed say at 10 m according to whether the conditions are stable
or unstable. More than a factor of two variation is easily ob-
tainable even though the geostrophic wind and the surface rough-

ness are held fixed.

For routine application, where profiles are not available, let
alone direct measurements of the relevant turbulent fluxes, a
method suitable for use in connection with standard one-level
observations where cloud cover is also available has been pro-

posed. The basis is the following:
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Fig. 5.2. Results from a one-dimensional numerical model in-

corporating the surface layer description Eq.

(5.3). The re-

sult from the computation with this model is the cross iso-

baric angle a, the friction velocity ux, and the wind profile.

The inputs are the "external parameters z,, G, L and the Cori-

olis parameter f, which in this case is equal to 1.2+10-4 s-1,

The key to the numbers on the figure is given in the table below.

L(m] u, [m/s]
1 Strongly stable 35 0.17
2 Stable 200 0.26
3 Near neutral 1000 0.37
4 Neutral ° 0.44
5 Unstable -400 0.57
6 Strongly unstable -100 0.70




One of the components in the definition of L is the vertical
flux of sensible heat. During day time this is mainly controlled
by the insolation, which in turn depends on latitude, time of
the day, and cloud cover. So for a particular surface, say a
grass field, it is possible to obtain an empirical expression
for the Monin-Obukhov length based solely on standard synoptic
observations. Such a method is described by Golder (1972). It
is based on determination of the Pasquill dispersion categories
(see Figs. 5.3 and 5.4). A somewhat more elaborate method is
described by Holtslag and van Ulden (1983) whiéh gives quite
good results for Dutch conditions. However, the necessary cor-
rections for soil heat flux and evaporation that it contains
make it necessary to calibrate it. It is not possible simply to
apply their scheme in gnother climatic region.

A similar method for use during night time conditions is given
by Holtslag and van Ulden (1982).

' Surface Insolation Night

wind speed - . Thinly overcast <3/8
| (m/sec) Strong Moderate Slight lor > 4/8 lotw clond cloud

<2 A A-B B — —

2-3 * A-B B c E " F

3-5 B B-C C D E

5-6 O C-D D D D

>6 C D D D D

Fig. 5.3. Pasquill's (1961) key to his stability categdries.
Strong insolation corresponds to sunny midday in midsummer in
England, slight insolation to simialr conditions in midwinter.
Night refers to the period from one hour before sunset to one
hour after dawn. The neutral category D should also be used,
regardless of wind speed, for overcast conditions during day or
night, and for any sky conditions during the hour proceeding or
following night as defined above.
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Fig. 5.4. Relationship between the Pasquill stability categories
and the Monin-Obukhov length after Golder (1972). For a given
set of conditions, it is seen that the rougher the surface the
more the situation tends towards neutral.

5.3. Vertical extrapolation under ideal conditions

In summary, regarding vertical extrapolation of wind speed up
to moderate heights, 50 to 100 m, this is possible using the
logarithmic law (Eq. 5.2) with stability correction according
to Eq. (5.3).

This is best done when profile information (i.e. a few observa-
tion levels) on wind and température is available. If this‘is
not the case, estimates under neutral conditions can be obtained
from a single anemometer, using an estimated value of the sur-

face roughness (Fig. 5.1).

Under diabatic conditions a single anemometer level is also us-
able in connection with an empirical stability correction based -
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on insolation, but due to the site specific nature of these
methods no general guide lines can be given at this point.

May we lastly stress that the above is valid for horizontally
homogeneous conditions only, although this category may include
slightly rolling agricultural terrain (H6gstrdém, 1974), and
that the skill of the various methods deteriorates when |z/L|
becomes large, i.e. 2z very large or |L| very small. This is
especially true in the stable boundary layer.

5.4, The geostrophic drag law

In connection with wind profiles over homogeneous terrain we
should briefly mention the so-called geostrophic drag law,
which links the friction velocity ux, the surface roughness,
the stability. and the geostrophic wind.

The subject has recently been reviewed in two WMO reports (WMO,
1979; 1981). The presentation here is only a short overview but
presents an alternative treatment. '

Ellison (1956) appears (as described in a recent paper by
Krishna (1980))to have been the first to give a solution to the
stationary homogeneous equations of motion for the neutral plan-
etary boundary layer using physically reasonable closure and
boundary conditions: an eddy viscosity K = k ux z (one-~layer
model) and a logarithmic surface layer wind profile. His solu-
tion, which is analytical, can be written

Uy /‘ G 2
ln Ro + 1n __ ‘= k___.) - B2 + A (5.5)
G \ Ux
B Ux
sina = — _ ___ (5.6)
k G

where A and B are universal constants. These expressions give
the geostrophic drag ux/G and the cross isobar angle o as func-
tions of the surface Rossby number
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G
Ro = ____ (5.7)
fz,

as the only independent variable. This is the concept of Rossby
number similarity, subsequently introduced by Lettau (1959).

Equations (5.5) and (5.6), which have later become known as the
"drag laws" or the "Monin-Kazanski relations", were rederived

(by Blackadar and Tennekes, 1968, and others) in a very elegant
fashion without using any direct assumptions regarding the eddy
viscosity, but by way of so-called asymptotic matching. A
crucial finding of these matching theories is that the relevant
scale height of the boundary layer is of order ux/f. However,
this was also part of Ellison's solution. A further result of
this early work was a theoretical determination of the constants
A and B:

)
1

2Y = 1ln k = 2.07

W
[}

n/2 = 1.57 ,

where Y = 0.5772 is Euler's constant. This is remarkably close
to modern empirical evidence (to which we shall return below)
suggesting A = 1 and B = 5 (with Ellison's A one would over-
estimate the drag by about 10% for typical atmospheric condi-
tions, but, of course, the small value of B significantly un-
derestimates the cross-isobar angle, a consequence of the con-
tinuing increase of K throughout the boundary layer).

A particularily simple approximation to the geostrophic drag
law for neutral conditions was suggested by Jensen (1978) as

u* 005

G In(Ro)

Extension of the drag law to include diabatic conditions was
probably first suggested by Zilitinkevich et al. (1967), where
it was suggested that non-neutral conditions could be treated
by letting A and B be functions of u, where
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B (5.8)

i.e. the ratio of the neutral boundary layer height and the
Monin-Obukhov length. This was tested against experimental data
by Zilitinkevich and Chalikov (1968) using the Great Plain data
(Lettau and Davidson, 1957) taken at O'Neill, Nebraska, and by
Clarke (1970) using data taken at Kerang and Hay in southern
Australia. Unfortunately, the scatter of the data was very
large, and when A and B were plotted versus ¥, it was not sur-
prising that the empirical curve fit to the data was quite dif-
ferent for the two investigations. This raised serious doubts
about the u-scaling. In a uniform reanalysis of the two data
sets, Arya (1975) showed that this difference was an artifact,
although the scatter remained.

For unstable conditions the numerical model of Deardorff (1970)
and others suggested that the depth of the convective atmos-
pheric boundary layer is independent of ux/f and should be
characterized by the height zj of the capping inversion which
always exists on top of the mixed layer. This leads to the sug--
gestion (Deardorff, 1972) that zj/L replace u as the indepen-
dent variable in the A and B functions. A formal derivation of
this modified similarity theory was given by Zilitinkevich and
Deardorff (1974). The choice between ux/f and zj cannot be
based on theoretical grounds, but must rather rely on physical
reasoning and empirical results to determine which produces the
least scatter in the plots of data. In this respect the situ-
ation is inconclusive as the use of zj-scaling did not reduce
the scatter in the work of Arya (1975) mentioned above. In an
analysis by Melgarejo and Deardorff {(1974), also using Wangara

data, the same conclusion was found.

It should be emphasized that the large difference between the
empirical curves that have been published could be a result of
the mostly arbitrary ways in which the curve fitting has been
performed (lines drawn by eye; third order polynomial, etc.)
rather than a result of fitting functions determined from sim-
ilarity considerations of the limiting behaviour for large |Wu|.
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The analysis of the Wangara data by Clarke and Hess (1974) does
not suggest the use of zj; as the scaling height, but uses ux/f
for all stabilities. On the contrary they show (Clarke and Hess,
1973) that ux/f is preferable unless zj < 0.25 ux/f. A plot of
their results for A and B is shown in Fig. 5.5.

They made an attempt to derive representative values of z5 and
ux for the experimental area by weighting profiles from two
characteristic sites together. Cases with very low wind speeds
were excluded (possible stopping of cup anemometers). Further-
more, the data were divided into 24 stability classes, based on
u, each class containing about 40 observations (one hour values).
By this procedure, the effect of baroclinity would tend to be
minimized. In briefly reverting to Ellison's model, which is
able to include barociinity, the qualitative effect of horizon-
tal temperature gradients is to add to A and B a term which is
proportional to a component of the thermal wind resolved in the
direction of the surface wind. So because it is an additive ef-
fect and because it seems reasonable to assume that stability
and horizontal temperature gradients are uncorrelated, the (po-
tentially large) effect of baroclinity would disappear by aver-
aging many cases.

A comparison of the analysis of Clarke and Hess with that of
Arya reveals that the scatter in the latter has been consider-
ably reduced, and that it is even possible to see the behaviour
on the stable side, in agreement with theory and model results
(see below).

The neutral barotropic values of A and B are of special interest.
To calculate these values, Clarke and Hess selected data for

|u] < 10 and at the same time rejected cases of rapid étability
change. From a total of 52 hourly observations they found A =

1.1 * 0.5 and B = 4.3 * 0.7.

Revision of (or one could say a compromise between) the two simi-
larity theories for the behaviour of the A and B functions in
convective conditions has been indicated by recent modelling
studies (Wyngaard et al., 1974 and others). They show that the
parameter
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should be included in the list, making the empirical determina-
tion of the A and B functions more difficult as it adds a second
independent variable. This, together with the generally large
scatter of experimental results, led Arya (1977) to suggest the
use of A and B functions entirely based on model results (Dear-
dorff, 1972; Wyngaard et al., 1974).

It is possible to obtain an estimate of the asymptotic behaviour
of the A and B functions. Thus for strong stability, relatively
simple scaling arguments give :

B« ul/2 (5.10)
and subsequently
4w Lgdye (5.11)

.in qualitative agreement with numerical model results of Businger
and Arya (1974) and Wyngaard (1975). For use over the entire
range 0 € B < ® a possible interpolation formula for stable con-
ditions is

A 1 _1_11/2

’ (5.12)

B=254+ ul/2

where the neutral values 1 and 5 have been suggested in agree-
ment with Clarke and Hess (1974). The relationships are depicted

in Fig. 5.5.

For very unstable conditions, on the other hand, the shear would
not be distributed over the depth of the boundary layer, but
rather in a shallow layer near the ground. A depth of order -L
is suggested. This leads to the drag law originally suggested

by Gill (1968)
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G=_ 1 = . (5.13)
k Zo

The strong mixing thus keeps the wind profile flat above z ~ -L,
In analogy, any Ekman turning of the wind will be prohibited in
the boundary layer, and the adjustment of o to its proper value
occur in the shallow inversion layer at the top of the convec-
tive boundary layer at height zj. Integration from z = 0 to z

= zi of the equation of motion, under this condition, reads

-G sin(a)zi = u%/f which combined with Eq. (5.6) gives

ux/f

(5.14)
2i

This retrieves the parameter dependence suggested in (5.9). To

estimate A under these convective conditions we note that if

2
25 >§(_....k,.__> | (5.15)
£ ln(-L/Zo)

which is almost always the case (in a quite extreme situation
where G is small, say 5 m/s, the conditions very convective,
say -L = 10 m, and the surface roughness, z5 = 10 cm, the cri-
terion is met for z; > 400 m) then B2 in Eq. (5.5) can be neg-
leted in comparison with (kG/u*)z, which leads to

A = 1ln(-u) (5.16)

In passing, we mention that zj despite of its undisputed import-
ance for various turbulent quantities, does not seem to be of
any relevance in the drag law (logical in view of Eg. (5.13))
except for its influence through B on a small cross-isobaric

angle.

In summary regarding the. A function in unstable conditions, a

possible interpolation formula would be

ux/f
A =1+ 1In(1=u) , u = <0 (5.17)
L
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Fig. 5.5. Values of A(u) and B(u) evaluated from the Wangara
data using surface geostrophic winds (Clarke and Hess, 1974).
'On the stable side, the expressions given in Eq. (5.12) are
shown for comparison. On the unstable side, Eg. (5.17) for A
and Eq. (5.19) for B (with zj >> ux/f and a = 1/25) are given.




which fulfill both the neutral limit (A = 1 for u = 0, Clarke
and Hess, 1974) and the limit for very unstable conditions as
required by Egq. (5.16).

A formula for B would have to fulfill an extra limit process.
First consider the development above leading to Eq. (5.14), it
is implicitly assumed that the boundary layer is limited by zi,
i.e. that zj is smaller than the Ekman height or zj < ux/f. If
this is not the case the integration should instead be performed
over the interval z = 0 to z = ux/f which from Eq. (5.14) is-
seen to lead to

B = k (5.18)

An interpolation formula which will accommodate this is

U%x " 1
B = +x [+ ) (5.19)
£ \zi ux/£f

which fits in the various limits including Egs. (5.14) and
(5.18), except in a situation with a significant low inversion
(zi < ux/f) under otherwise neutral conditions (u = 0). Equation
(5.19) is shown in Fig. 5.5. In Eq. (5.19) a is a constant of
order 1/25, the purpose of which is to make the transition from
neutral (B = 5) to unstable conditions (B = k + (kux/f)/zj) suit-
ably smooth.

The above suggested interpolation expressions for A(u) could
possibly be improved by making them approach the neutral value
with the same slope from both the stable and unstable side. In
the preparation of a European Wind Atlas, which will be des-
cribed further in Chapter 9, it was noticed that a straight
forward application of - Egs. (5.12) and (5.17) gave spurious
variations in the extrapolated geostrophic wind at hours around

sunset and sunrise. An alternative expression

‘ on,' (W + a)1/2 + a1/2 =0
A =
1Ao + 1ln(b - u) - 1nb uw <0
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with a = 5 and b determined such that A is differentiable in
u = 0 essentially removed that daily variation in G. Another
point noticed in this study was that a probably better choice
of the neutral value of A is 1.8.

The geostrophic resistance law is based on the assumption of
near geostrophic balance of the free flow. This condition cannot
be met near the equator where £ = 0. Theories for the tropical
boundary layer similar in simplicity to the drag laws do not
exist. When the Coriolis force becomes unimportant the time de-
rivatives in the equations of motion will have to be taken into
account. One simple approach based on K-theory was presented by
Holton (1971). The conditions at low latitudes are still much
less understood, however, in large extent also because of the
lack of micrometeoroldgical data.

6. PERTURBATIONS BY SIMPLE CHANGES IN SURFACE CONDITIONS

Downstream of a discontinuity in the surface conditions an in-
ternal boundary layer, IBL, develops. Above the IBL no change
has been felt. In the classical treatment of the roughness
change problem, the intermediate adjustment region is neglected
and for example the wind profile is assumed to consist of two
logarithmic sections, each adjusted to the respective regions,
and joining in a kink at height H at the top of the IBL. Figure
6.1 gives an example of the wind profile at two different dis-
tances downstream of a smooth to rough transition. This simple
model gives a fit to experimental data which is sufficiently
good for practical application.

Traditionally this problem has been limited to neutral condi-
tions. Using the principle of limited diffusion rate (dH/dx <=
ux/u) the kink model results in (see f.ex. Jensen, 1978)
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Fig. 6.1. The wind profile after a smooth to rough transition
(from z5 = 2 cm to 25 = 20 cm) at two different distances
downwind of the transition. The local profile (dotted line)

joins the upstream profile at the height H determined from
Eq. (6.2) with a = 0.5. The height H¢ corresponds to a fetch

of x = 20 m and Hy to x = 500 m.

H 1n(H/zg) * ax | (6.1)

in which a is about 0.3 and x is the distance from the discon-
tinuity. It is an empirical fact that this implicit equation

is well approximated by the power law

H=az V/5x4%/5 (6.2)
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For non-neutral conditions the roughness change situation is
not well understood.

The more general situation of a simultaneous change in roughness
as well as a surface heat flux is apparently so difficult that
no study has appeared yet. Using the above method some ball

park estimates may be obtained, however.

Thus Jensen (1981) develops

H « x3/2/1,1/2 (6.3)
for free convection conditions, and

H e« x1/2 1,1/2 ; (6.4)
for very stably stratified conditions.

Pasquill (1972) drew an analogy between the growth of internal
boundary layers and the vertical growth of plumes (i.e. dif-
.fusion of momentum and matter). The slopes predicted in the
above diabatic extremes (Egs. 6.3 and 6.4) as well as the re-.
sult for the neutral case (Eq. 6.2) may be compared to the
slopes of the Pasquill-Gifford curves (see Fig. 6.2).

The small roughness effect present in (6.2) does not enter in-
the diabatic extremes of (6.3) and (6.4). For moderate varia-
tions in stability, however, both L and z, may enter the prob-
lem. In this range, a rational approach is to build on a for-
mula derived by van Ulden (1978) for diffusion from a ground
level source. This is done by using power-laws for u and the
diffusivity K in the diffusion equation, solve for dH/dx (where
H is taken as a measure of the depth of the plume at distance
x), and then substitute proper Monin-Obukhov expressions for u
and K back into the solution. The expression resulting from
this, non-rigorous procedure may then be integrated to give H

as a function of x.
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Fig. 6.2. The vertical standard deviation of a Gaussian plume
under various stability conditions (A, B, ... F) as a function
of distance from its source. (After Turner, 1967). The dashed
lines correspond to Egs. (6.2), (6.3), and (6.4).

This integration presents no difficulty in the stable case where
V(z/L) is linear in the argument (see Eq. 5.3), but for un-
stable conditions where Y is a rather complicated function no
analytical solution is possible. However, using the approxima-
tion given in Eq. (5.4), allows a solution. For this case as
well as for the stable case the structure of the solution is
closely approximated by

H(1ln(H/2zp5) - 1 - V(H/L)) ¢(H/L) = ax (6.5)
which is seen to be compétible with the neutral solution Eq.

(6.1). Referring back to Chapter 5 the empirical fit of Businger
et al. gives

-1/4
(1 = 16 B\ , L<O
[ L/
b = (6.6)
H
1+ 4.7 _ , L>0
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When it is said that the "structure of the solution approxi-
mates" it means that some small terms have been thrown and the
proportionality constants of 0(1) on the various terms have
been adjusted to unity.

Although heat flux is included in the above considerations,
these developments assume that the stability does not change,
or that L(x) is a constant. As ux is very responsive to changes
in the surface roughness, it is seen from the definition of L

ugr
L - e (6.7)
kg0«

that this constancy requires a rather specific downwind vari-
ation in surface heat flux, (Z0xux) which contrasts the more
general diabatic roughness-change situation in which it is ex-
pected that both ux and 0% change in such a way that L(x) is

not constant., Furthermore, in a case where the stability changes
from stable to unstable, the development of the IBL is’' no longer
diffusion rate limited, but constrained by the entrainment in
analogy with the daytime mixed layer. Thus

1/2
(6.8)

G*U*X
Y u

where Y is the value of the stable lapse rate of the potential
temperature above the IBL.

For the present purpose it is assumed that Eg. (6.5) can be
used with sufficient accuracy, noting that we are concerned

- with moderate to high wind speeds at which extreme stabilities
are infrequent.
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7. PERTURBATIONS BY LOW TERRAIN FEATURES

Topographic features such as hills, valleys, cliffs, escarpments,
or ridges, affect the wind speed. Near the summits or crests of
these features the wind will be accelerated, while near the

foot and in valleys it will be decelerated.

Evidence from theoretical work (Jackson and Hunt, 1975) and from
numerical models (Taylor and Gent, 1974) as well as from experi-
mental observations (Peterson et al., 1976) all show relatively
large flow perturbations when the surface change elevation.

Thus Peterson et al, (1976) state that the effect on the flow

of a gradual surface elevation change of 2 m over 50 m, down-
wind of a shore line, is far larger than the effect of a simul-
taneous roughness change of approximately three orders of mag-
nitude. The profile from their measuring mast just on top of

the "escarpment" still resembles that of the change-of-rough-
ness case, i.e. a kink is apparent, but in addition the upper
part of the profile has greater wind speeds than the upstream
profile at the same relative elevation. Terrain features of
sufficient steepness will even cause the speeding-up of a sheet
of intermediate fluid to velocities exceeding those of upper
layers. Thus a low-level jet may develop locally.

The magnitude of this overspeeding, as well as the height at
which it occurs can be gualitatively described using the analy-
tical theory of Jackson and Hunt (1975).

Before going into further detail about this it is timely to
warn against use of the old "escarpment rule" according to
which the wind speed above a topographic feature is supposed to
be equal to‘thé speed upstream at the same horizontal level.

This is inaccurate and misleading.

Figure 7.1 shows some preliminary data from a recent experiment.
The hill is about 100 m high, so the "escarpment rule" would in
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this case give a wind speed of about 13 m/s on the hill, some-
what less than the observed 17 m/s. However, in a different
case, the result could be the other way around. This is because
the perturbation in addition to the height also depends on the
horizontal length scale of the terrain feature in question.
Furthermore, as we shall see below, the perturbation that oc-
curs must be computed relative to conditions at the same level
above local ground.

The analytical solution presented by Jackson and Hunt (1975)
for the perturbation to flow in a turbulent boundary layer by
change in surface elevation (two dimensional, i.e. a change
along the direction of the wind only) consists of two layers
which are made to overlap in a fuzzy zone at height %. In the
"outer layer" above % the speed-up caused by a hill is treated
as an inviced phenomenon. Because of this speed-up, an en-
hanced shear and thereby turbulence production is set up in the
inner layer below 2. By matching the two layers, the velocity
perturbation Au(z) in the outer layer, relative to the undis-
turbed upstream wind speed u(z) at the same height, becomes

h
As(x,2) = o(x,2) — (7.1)

20

where o is a function that depends on the integrated slope of
the terrain feature (but\not on the actual h, length L or slope
h/L). Jackson (1979) has provided solutions for o, for some
terrain shapes. Two , typical ones are given in Fig. 7.2, one

. for a ridge and gﬂé/:or an escarpment. Other mathematical forms
or "terrain shaﬁés" will give slightly different answers. It has
to be noted that the conventional definition of L for a hill is
only half of that given in Fig. 7.2a. Below we shall refer

to that particular L as the "quarter length".
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HILLSHAPES AND SOLUTIONS
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Fig. 7.2. Hill shapes and solutions for o(x,z)
(Jackson, 1979).

7.1. Ridges

In Eq. (7.1) let us first analyze the parenthesis on the r.h.s.:
According to Jacksom and Hunt (1975) the depth of the inner

layer is given by
2 1n(%/25) = 2k°L , (7.2)

but for the range of values of %/z, which are relevant this im-
plicit expression may be approximated by the power-law expres-

sion

/2y = a(L/z,)0-8 (7.3)

where a is supposed to be ~0.3 when L is the quarter length.
This particular part of their solution is not very appropriate.
In the example in Fig. 7.1 for example the value'of %2 would be
13 m. If it was not for other examples (e.g. Bradley, 1983) it
could be a matter of the value of the constant a. Alternative

arguments give



2(1n(2/25))% ~ L , (7.4)

which with the above power-law approximation give the equiv-
alent

/24 = b(L/2,)0:87 , (7.5)

which with b = 0.3 does a better job than Eq. (7.3) in matching
the observations made over the L/z, range encountered in nature.
Anyway, whatever the power is, one finds

In(L/2q) 1

In(%/24,) x

R

(7.6)

where x 1s the power, and where it has been assumed that
In(L/z2g) >> 1.

Regarding the o-function in Eq. (7.1), referring to Fig. 7.2a,
let us evaluate it at the height 2 at the crest of the ridge
(the expression is not valid below £ since it represents an
outer layer solution). As (&/L) << 1 we get o = (2m)~1 1ln(L/%)4
or

o = 2/ In(L/%) : (7.7)

which by means of an expression of the form of Eq. (7.3) or
(7.5) transforms to

g =

[(1—x) 1n f_ - 1n b} , b = 0.3 (7.8)
Z0

EN N

which is seen to be rather constant as it only varies as a slow
function of L/zn: over an extreme variation of L from say 50 m
to 1000 m and of Zo from 1 cm to 50 cm, o from Eq. (7.8) only
varies from abbut 2 to 3. The point of the above is that both
the above factor and the factor 1n(L/zg)/ln(%/zp) is relatively
constant whereby Eg. (7.1) may be approximated by



& 89 w

As (7.9)

n
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giving the relative speed-up at the crest of the hill, at a
height above the ground given by Eq. (7.5). The above develop-
ments suggest ¢ = 2/0.67 to 3/0.67 or 3 to 4.5, depending on
the size of L/z5. For L according to the quarter length defini-

tion this corresponds to ¢ £ 2 in agreement with experimental
evidence.

Below %, theoretical arguments indicate that the perturbed pro-
file is logarithmic. This is a rather neat result from the point
of view of giving a simple rule of construction of wind profiles
over topography. Thus .Jensen and Peterson (1978) suggest in
analogy with the simple roughness-change profile, to seek a
similar representation, only that this case requires two kinks.
The double kink profile then consists of (1) a section below 2
with increased shear, (2) an intermediate steep section and (3)
a section above the upper kink where the profile is not influ-
enced. In reality, of course, the kinks are not sharp corners
but smooth transitions. |

The gross shape of the profile above a hill is thus determined
.by three variables: (a) the degree of speed-up over the feature
(h/L); (b) the height of the lower kink which depends on L/zqy;
and (c) the height of the upper kink, which under neutral condi-

tions may be assumed to be of order L (pressure perturbation
argument). An example of a profile constructed along these lines
is shown in Fig. 7.1 with ¢ in Eq. (7.9) equal to 2.15 (the
quarter length L = 250 m) and the height of the upper kink at

z = 2L. The agreement with the measured data is seen to be
rather good.

Even though the formulae are strictly valid for two dimensional
conditions they tend to give fair result for more general cases,
i.e. oblique flow over a ridge (where the wind speed to be con-
sidered is now the perpendicular component), and even in cases

of common three-dimensional hills.
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7.2. Escarpments

The flow perturbation caused by escarpments may be treated in
the same way as above. For a ramp-like feature Fig. 7.2b gives
a formula for o to be used in Eq. (7.1).

It is also here possible to simplify. At the top of the escarp-
ment we get ¢ £ (2m)~1 In(1+(L/%)2) or since 2 << L

o _1n _, ' (7.10)
m 2
which is precisely half of that for a ridge or hill (compare

Eq. 7.7). We note again that % is the lowest height at which
the o-expression is allowed to be evaluated.

The suggestion of how to construct a wind profile on top of an
escarpment is completely analogous to the ridge or hill case in
the previous section, but less experimental evidence support
the suggestion.

However, it is known that away from the point of maximum speed-
up the above formula does not give an entirely satisfactory ex-
planation of observed flow perturbations as they fail to predict
correctly the vertical and downwind variation of the velocity
perturbation (Jensen, 1983).

Regarding the vertical extrapolation at the top of the escarp-
ment, and at the symmetrical point at the foot, comparison
with data seen to indicate that the vertical extend of the
perturbation is larger, respectively smaller than in theory
(see Fig. 7.3).

Regarding the downwind variation of the speed-up, it is noted
from Fig. 7.2 that for large distances x >> L (>> z), the ex-
pression for ¢ reduces to

o = ’ (7.11)

% |

1
kil
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Fig. 7.3. Comparison of the parameter o calculated from
experimental data and from the expression given in Fig. 7.2b
for a ramp-like escarpment. Details of this comparison is
given in Jensen (1983). 4 |

which, as pointed out by Jensen and Peterson (1978), has the
consequence that x replaces L in Eg. (7.9) in determining the
effective "slope" of the terrain whereby downwind of an escarp-
ment

h u ,
Ag =« _ (7.12)
% ,

irrespective of the shape of the escarpment. Compared with
scanty full scale data and some wind tunnel measurements (e.g.
Bowen and Lindley, 1977), the decay of As with distance accord-
ing to (7.12) is much too fast.

In another way the actual slope of the ramp loses importance.
The above results are only valid for quite gentle slopes. For
steep slopes the speed-up ceases to depend on h/L or the ramp



slope, because of separation. Thus Bowen and Lindley (1977) in
a wind tunnel investigation using h/L = =, 1, 1/2, 1/4, got, in
all four cases, a maximum fractional speed-up factor (above the
crest) of about 0.7. This might be explained by the presence of
an effective minimum slope introduced by the separation stream
line on the windward side of the crest.

7.3. General

Further experimental data are needed to enable a good under-
standing of especially the later stages of the escarpment flow
problem in the far downwind field. In addition it is required

to get some information on the possible significant effect of
atmospheric stability, some experiments are underway, but it is
yet too early to report on them. It not yet possible to give
general rules to cover these circumstances. Anyway using the
above h/x rule it might be assumed that terrain effects are re-
latively unimportant at distances of 10 terrain heights away
from the crest or summit. As éxplained above the overspeed re-
sulting from an escarpment might be a bit more persistent. In
vicinity of the summit quite reasonable estimates using the
above formulae are possible. The vertical extend of the affected
region is of order L which means that if the positive effect of
a hill on available wind power is going to be used the hill must
be of a sufficient length, i.e. many times longer than the hub

height of the wind turbine.

8. CORRECTIONS FOR LOCAL SHELTER

Before any measured wind speed or frequency distribution can be
utilized it is mandatory that some consideration is done as to
possible local obstructions near the anemometer. This is not

usually a major concern in the context of weather prediction or

general climatology but becomes important in connection with
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wind power. The WMO requirements to the anemometer location are
not sufficient in order that the anemometer data are represen-
tative except very near the anemometer.

In order to correct the data for the effect of local sheltering
an objective method based on the gustiness of the wind at the
anemometer site can be employed. The method consists of two
steps (Wieringa, 1976, 1977):

1) From the wind record the maximum gusts are extracted together
with the corresponding mean wind speed. This is done for each
azimuth wind direction sector during periods with strong wind

(> 6 ms~1). From these data an "effective" roughness length
is derived.

2) Assuming the wind profile to be logarithmic up to a height
Zzh, above which the local sheltering effects vanish, the
wind speed can be corrected using the transformation

‘ In(zp/20s) *1n(25/20r)
gy =g , © (8.1)
ln(Za/Zos) ’1n(z»b/zor)

where
ug = observed wind speed
z3 = anemometer height usually 10 m
2og = "effective roughness length" from gustiness analysis"
zp = "roughness blending height" = 60 m

Zzor = roughness length corresponding to unsheltered location
= 0,03 m,

The method can be applied in cases where the necessary informa-
tion regarding anemometer response is available either directly
or can be derived by calibrating the instrumental constants in
the gustiness analysis in one azimuth sector, where the terrain
is so open and homogeneous that the roughness length can be
estimated (see Section 5). This calibration, (Wieringa, 1982)
is often preferable even if instrumental data are available
since they are often unreliable in practice.
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The sheltering effect of nearby single well definable objects
such as large buildings or rows of trees has been investigated
in a number of studies (Wegley et al., 1980; WMO tech note 59,
1964). For anemometer locations in the immediate wake (distance/
object height < 5 and anemometer height ? object height) the
influence is large and critically dependent on the geometry of
the obstacle, and wind data difficult to correct. If the wind
has to pass such large obstructions with a high frequency of
occurrence (say > 25%) then it may be preferable not to use the
data if possible.

For moderate sheltering the data can be corrected to unsheltered
conditions using the empirical relations presented by Perera
(1981):

" g 0.14
u a X
S=__=29.8 (..) ~ (1-p) n exp(-0.67 nl.5) (8.2)
u h h
with
z —0.47
a/ 0.32 X\
AT YR
h ln h/zgo h
and
p = porosity = open area/total area

Zo = upstream surface roughness
h = height of obstacle

Zg = height of anemometer

x = distance downstream.

For nonporous obstacles and typical upwind conditions this re-
sult is shown in Fig. 8.1. The effect of porosity is accounted
for approximately by multiplication of (1-p). Another consider-
ation relevant for correction of wind data is the lateral di-
mensions of the obstacles. Most empirical data including the
data in Perera (1981) are concerned with two dimensional fences
or shelter belts corresponding to "infinite" lateral dimensions.
The shelter from obstacles with finite lateral dimensions are
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Fig. 8.1. Shelter reduction by two-dimensional obstacle.
Based on the expressions given by Perera (1981).

decreased because of lateral mixing in the wake; and furthermore
the effect.on the average wind speed in a given azimuth sector
is decreased because of the finite angular dimension of the ob-
stacle as seen from the anemometer. The reduction in average
wind speed. in a given sector can be estimated approximately by
reducing the shelter from Fig. 8.1 using the following expres-
sion derived from simple geometrical considerations:

( v

X
1+ 0.2 _ for
\ /

. L
R = (8.3)

L I

l
(f‘_ A¢) for
L .

where L is the lateral dimension of the obstacle and A¢ is the

|

width of the azimuth sector. A similar correction procedure was
employed in Petersen et al. (1981). Both shelter correction
methods are based on conditions of neutral stability and anem-
ometer location outside the immediate wake. In connection with



wind power applications-this is not a problem; and correction
of a frequency distribution can be done simply by rescaling the
wind speed. For the Weibull distribution this corresponds to
rescaling the A-parameter:
- ol 1opeay—]

Aoor = Bopg®(1-R*S) (8.4)
where Asgy is the A-parameter corresponding to unsheltered con-
ditions, and Apgpg the observed A-parameter.

9. HORIZONTAL EXTRAPOLATION

The problems of horizontal and vertical extrapolation or inter-
polation of wind data are closely related. In both cases the
basic difficulties are related to inhomogeneities in the sur-
face conditions. In this chapter we shall discuss the problems
in connection with horizontal extrapolation of wind data over
terrain where large orographic effects or frequent mesoscale
forcing are not important. Even for ‘this relatively simple type
of conditions wind data obtained at low heights are typically
representative only within a few hundred metres from the anem-
ometer because of nearby changes in surface roughness. Other
reasons for the unrepresentativeness can be the effect of hills
and escarpments near the anemometer or even smaller scale per-
turbations due to nearby buildings etc.

The theory discussed in Chapters 6 to 8 enables a correction of
this type of data to conditions over a hypothetical nearby open
flat field. However, due to the fact that this theory is based
on surface layer conditions the data can generally only be made
representative to an area within a few kilometres. As an example
consider the correction based on gustiness analysis (Chapter 8);
an important assumption here is that a "roughness blending
height" of 60 m exists where the wind speed is independent of

the "local" surface conditions. From the discussion in Chapter 6
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it follows that "local" in this case is within 1-2 km. The re-
sponse of the wind profile to changes in surface conditions is
not very well established beyond fetches larger than ~1 km. An
attempt to extrapolate surface layer theories to larger fetches
was presented by Larsen et al, (1981) and Hedegaard and Larsen
(1983). Very little data exists, however, to test such extra-
polations, Jensen (1978) shows that straight forward extrapola-
tion of surface layer theory leads to a limiting behaviour of
the boundary layer wind profile which is not consistent with
the geosirophic drag-laws (Chapter 5), however, numerical re-
sults by Taylor (1969) and others suggest that the boundaty
layer reaches equilibrium of the order of 20 km downstream of a
change in surface roughness under conditions of neutral stab-
ility. The results for simple roughness changes at short fetches
make one thing apparent, namely that the downstream change of
the wind speed at low heights happens most rapidly within the
first 1-2 km with a subsequent very slow adjustment to equilib-
rium over the next 10-30 km. From these considerations it be-
comes clear that:

1) Straight-forward interpolation of mean wind speed between
synoptic stations, to obtain iso-tach maps is not mean-
ingful.

2) Even after careful screening and correction for local
sheltering etc., interpolation is not meaningful in
general, due to the separation of synoptic stations,
which is typically not less than 50 km.

¥

The problems with interpolation of mean wind speed is obviously
also present with more sophisticated techniques based on the
correlation matrix of wind data from a network of synoptic sta-
tions. The synoptic network is thus inadequate in terms of
density when one wishes to map local wind conditions; however,
it is in many parts of the world more than adequate in terms of
- resolving the overlying synoptic scale wind systems which force
the wind in the boundary layer. With sufficient density of sta-
tions it is possible then to map the wind speed distributions
for idealized conditions using only selected stations with min-



imal exposure problems. Such an approach is presently being
taken in the wind energy programme in the European Economic
Community (Petersen et al., 1982). The steps in the method are
illustrated in Fig. 9.1. Initially a number of stations are
selected which have minimal problems in terms of exposure, and
where long time series (> 10 years) of meteorological parameters
can be obtained. For the stations very accurate descriptions of
anemometer location (and possible relocation) and surroundings
are obtained preferably by site visits, and from these the sur-
face roughness length is estimated for each azimuth sector, to-
gether with possible local sheltering. Using the theory de-
scribed in the previous chapters with the schemes for the in-
direct estimation of surface heat flux (Holtslag and van Ulden,
1982, 1983) an estimate of the geostrophic wind is obtained. The
geostrophic wind and the static stability over land can then be
considered essentially constant over a few hundred kilometres

enabling a meaningful interpolation between stations, or alter-

Station: Data * Description. }-—-1 — Surface stress over specified roughness
1 T from drag' lqw.upplied again using
Direction: RouahpRS R — geostrophic wind.
windspeed. Cloudcover, time. l
v
Local correction. l-—-l Surface heatflux. I l Wind profile. ]
*
Surface stress H Stability length. ] ; l
from wind profile. Accumulate wind speed values at
Ubihear e selected levels and directions sectors,
nesses. Dis- |
tances to rough- [ )
ness changes. Histograms for combinations of
T standard roughnesses, levels and
Surface stress Height of internal discion aetors)
roughness, le— boundary layer. l
stability length Correct surface : S
stress to upstream Weibull distributions.
value, l
Geostrophic win_d speed and direction Weibull parametres versus roughness
from geostrophic drag. classes, levels and direction sectors.
Function of height, roughness class and
sectors.

Fig. 9.1. Schematical representation of the computational
scheme for the wind atlas for the EEC countries.
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natively one single station can suffice and provide an estimate
over an area of typically this dimension. The interpolated geo-
strophic wind can then be used for the inverse calculation,
using the same theory, but calculating the wind speed and direc-
tion over a terrain with a specified surface rughness and pos-
sibly at another height (10-100 m). Performing this calculation
for each 3 hourly observation over the 10-year period analysing
the results in terms of the Weibull parameters A and k for each
of 8razimuth sectors, 4 types of terrain roughness and 4 heights
(10, 25, 50 and 100 m) a description of wind conditions:-over ideal-
ized homogeneous flat terrain is obtained.

- The manner with which these data can be used for the estimation
of wind speed distribution, wind power "potential" at real
sites is described in detail in Petersen et al. (1981).°

In that publication a variation of the method described above
was used to obtain the Weibull parameters over idealized terrain
in Denmark. Instead of taking the starting point in real wind
speed data, the surface geostrophic wind is calculated directly
from the analysis of pressure data. Other'surface observations-
are used only to estimate the static stability and the method
essentially consists of following the flow diagram in Fig. 9.1
starting at the top of the second column. The pressure analysis
has the advantage that one avoids the difficult and often cumber-
some task of finding time series of wind speed data from well-
exposed stations in addition to the task of obtaining accurate
site descriptions for such stations. Furthermore, the wind speed
distributions which exist can be used to validate the results as
described in Petersen et al. (1981). For conditions over the sea
Borresen (1983) has performed a similar analysis using digitized
6 hourly weather maps covering a 27-year period. The main dis-
advantage of the use of pressure data is related to the require-
ments of high station density, which preferably should be of the
order of 1-3 stations for each 100 km square, and also there- ;
should be only small height differences between station in order
that the reduction to sea level does not introduce to large spu-
rious pressure gradients. As another alternative one could use
wind data from radiosondes taking the wind speed at a pressure
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level at approximately 2 km above the surface (850 mb over low
lying terrain) and using this for the geostrophic wind, again
applying the model described above. The three different methods
described here all rely on the boundary layer theory discussed
in Chapters 5 and 6 and can loosely be described as a double
vertical extrapolation of the wind speed in the boundary layer
starting with surface observations extrapolating to the top of
the boundary layer, then interpolating or extrapolating the
"free" wind in the horizontal and finally extrapolating to a
specified height and surface conditions at a specified site. It
is tempting to try to simplify this double transformation by
using a logarithmic profile with or without a stability correc-
tion and extrapolating to a fixed height above terrain; however,
there is little or no .theoretical justification for such a pro-
cedure,

The loss of correlation in the wind field as determined by pure-
ly statistical methods applied to the synoptic network can to a
large extent be explained by the theory described ébove. Thus
the above methology or similar transformations of the raw data
based on physical principles should always be applied before any
statistical treatment.

The three methods based on the geostrophic drag law differ as
noted above with respect to data requirements, also they differ
with respect to the assumptions necessary for their theoretical
justification. We shall not go into a discussion of these prob-
lems here, but note that presently it is not known which method
is preferable in terms of practical applications. The methods
all require the use of a computer. It is possible, as shown in
the example below, to simplify the calculations in the case
where radiosonde data are used, when we have to do with windy
climates where conditions of neutral stability can be assumed.

Example 9.1

Figure 9.2 shows the iso-tach of the mean 850 mb wind analysed

from weather maps over the North sea and from radiosondes over.
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Pl

Pig. :-9.2. The average height wind at 850 mb from analysis
of weather maps and radiosonde data over Northern Europe.

central Europe. Taking as an example at a point in Denmark we
can find a mean wind speed of 10.5 ms~1. In Chapter 5 the fol-
lowing form of the geostrophic drag law is presented

o

U «5
i (9.1)
G G

n / \

\fzo }
Using G = 10.5 ms~!, the appropriate Coriolis parameter f =
1.2°10"4s-1 and assuming a terrain with low surface roughness
over land z. = 0.01 m, we obtain u, = 0.328 ms'1; the logarith-

o
mic profile reads

ux
u(z) = — 1n(z/z°) : (9.2)
k

using z = 10 m we obtain u(10) = 5.7 ms—1.
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This is then the expected mean wind speed over the most open
type of terrain over land. The value is very close to the value
of 5.6 ms~!1 found in the more elaborate analysis in Petersen et
al. (1981) and also to actual observed mean wind speeds over
this type-of terrain. Using z5 = 0.0001-0.001 m appropriate for
over sea conditions we obtain u(10) = 7.3-6.6 ms~! with observed
mean values over the sea close to 7 ms~1.

The method can be elaborated by subdividing into azimuth sectors
and treating each sector individually. This enables the estima-
tion of mean wind speeds at for example coastal sites, which are

most often interesting in connection with wind power.

The geostrophic wind in Denmark has the following mean values
and frequency of occurrence in the eight sectors centered on the
directions N, NE, E etc.

Table 9.1. Distribution of mean geostrophic wind speed in Denmark.

N  NE E SE s sw W NW
mean ms™] 8.1 7.8 9.1 9.8 10.4 11.4 11.6 10.7
freq. % 7.4 7.3 11.4 14,04 13,0 15.5  18.1 13,1

Using Egs. (9.1) and (9.2) for each sector with a roughness dis-
tribution appropriate for a site at a westward facing coast and
a height above terrain of 45 m we obtain the following table.
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Table 9.2. Average wind speed computed for z = 45 m. The rough-
ness length in the N and S sectors are taken as the logarithmic
average of the land roughness of 5 cm and sea roughness of 0.3
mm because the coastline cuts through the middle of these sec-
tors, also the sea roughness is taken as the geometrical average
of 1 and 0.1 mm.

N NE E SE S SW W NW
zZo (m) -~ 0.004 0.05 0.05 0.05 0.004 0.0003 0.0003 0.0003
mean speed 5.7 4.7 5.4 5.8 Ti2 8.7 8.8 8.2
(ms~T) ‘
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4 10 L0 ny 7
e
£ f AN
o
I 2\
. \
X N
. - -
/ N\
—
O I
0 10
m/s~

Fig. 9.3. Relative frequency of occurrence, measured and
calculated, of wind speeds at the Nibe site at the height
of 45 m.

Histogram: measured distribution.

: model by Petersen et al. (1981).

®  : present simple estimate.
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The average then becomes 7.2 ms~!. Assuming the k-parameter in
the corresponding Weibull distribution (Chapter 4) being equal to
the k-parameter in the Weibull distribution for the geostrophic
wind speed: k = 1.75. For most surface conditions this is a
slight underestimation, but the error on the distribution is not
significant. The Weibull parameters for the wind speed distribu-
tion becomes: A = 8.1, k = 1.75. The distribution is plotted in
Fig. 9.3 together with the distribution obtained from the more
elaborate treatment, and the observed distribution at the Nibe
site in Denmark.

10. FLOW IN COMPLICATED TERRAIN

The term complicated or complex terrain is most often associated
with terrain where orography plays an important role for the
flow. The simplest type of orographic influence: flow over a
single well definable hill has already been treated in Chapter

7. When the horizontal scale of the hill is of the order of 1 km
or less the perturbation introduced by the hill can be treated
with simple analytical theory at least for the prediction of the
mean wind profile when the hill has a smooth slope. As the scale
of the hill increases it becomes more difficult to treat the

flow in terms of a perturbation superimposed on an "external"
equilibrium flow. Hills and mountains with horizontal scales
larger than 10 km give typically rise to pressure perturbations
which can extend to the middle or upper troposphere; the boundary
depth and structure can be strongly perturbed causing hydraulic
intensification of the leeside flow as an example. In addition
complicated local wind systems can be generated by diurnal and
spatial variation of the surface heating on the slopes ("mountain
and valley winds"). Many of these flow systems are described in
Smith (1979) and more qualitatively in Hiester and Pennell
(1981).
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Terrain forms

The following classification of terrain types relevant for map-
ping of wind power potential was adopted for the EEC countries
(Petersen, 1982). Originally it was devised by R.B. Smith.
Refer to Smith (1979) for the theory of mountain flows.

1. Non-mountainous regions far away from mountains. Complica-
tions occur in the form of surface roughness inhomogeneities
and sheltering effects. The theory of geostrophic drag law
is applicable.

2. As the regions above (1) but with the additional complication
of small scale smooth hills and valleys. Typical horizontal
dimensions are less than 1 km. The flow can be treated as
under (1) and the modifications introduced by the obstacles.
can be treated as in Jackson and Hunt (1975) (potential flow
with modification from turbulence and wind shear).

3. Larger scale hills and valleys. Horizontal dimensions larger
‘than 1 km. On these scales buoyancy effects are almost always
important and under stable stratifications mountain waves
are often present,

4, High mountain massifs disected by deep valleys. Depending on
the local geometry of a peak, the winds at the peak may some-
what modified be representative of free atmosphere values.

In the valleys the wind climate is dominated by thermally
induced mountain valley winds. Except for leeside foehn the
winds are decoupled from free atmosphere winds.

5. Broad sloping foreland regions. These ;egions are character-
ized by some distinct mechanisms caused by processes like
channelling, deflection, leeside descent and low level jet.
These mechanisms are often well known likes

- Foehn (leeside descent caused by up-stream blocking and

large scale mountain waves).
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- Bize (blocking and deflection of low-level cold air).

- Bora (hydraulic intensification of cold air flow and
channelling).

-~ Mistral and Tremontane (combined channelling, leeside
descent and hydraulic intensification).

- Morning jet (low-level jet generated thermally by
sloping terrain).

In other parts of the world this classification probably also
applies. Local wind systems similar to the ones named under
point 5 exists in other parts of the world but under different

names.

In connection with wind power applications a number of special
flows are not interesting simply because the wind speed is low.
This includes typical mountain-valley winds driven by surface

- heating and in many cases slope: slows caused by cold ‘air drain-

age due to nighttime surface cooling.

Many different types of models have neen proposed for the de-
scription of flow over complicated topography, a review of the
models in the most recent publiéations are presented in Walms-
ley (1983).

Models based on the full hydrodynamical equations and which in-
clude realistic physical parameterizations are necessary in or-
der to handle the full spectrum of the flow types mentioned un-
der pts. 4 and 5.

These models are presently basically research tools requiring
large investments in terms of manpower and computer time. Even
when such investments can be made the models require large
‘amounts of input data which often are not available and as a

result initialization procedures including educated guesses



often have to be used and the results may be critically depen-
dent on this. The use of models of this type can be advisable
in cases where specific questions are asked regarding flow
structure for flows where the basic dynamical mechanisms and
scales are known enabling the choice of appropriate model and
possibly also enabling an evaluation of uncertainties or de-
ficiencies of the model output. From the point of climatology
this type of investigation can be useful for vertical and
horizontal extrapolation of wind speed under specific condi-
tions. If the wind climate in a region at moderate and high
wind speeds are dominated by such flows the use of numerical
simulations can be very valuable for the interpretation and
extrapolation of climatic data. The numerical model most ap-
propriate depends on the characteristic scales of the flow and
references can be made to the review by Walmsley (1983).

Many efforts in particular initiated by the interest in modelling
the transport of pollutants in complex terrain-have concentrated
on diagnostic models to obtain'the three-dimensional wind field
from available surface and/or upper air data. The simplest type
of these models are usually termed "mass consistent models"
because they produce a three-dimensional wind field which obey
the equation of mass conservation. Since obviously no unique’
solution exists these models give different results. The most
crucial step in the models are the construction from the point
data of an initial guess field which then is adjusted to satisfy
the continuity equation. With insufficient initial data coverage
the guess field may be far from the real wind field and lead to
large errors in the final result. Applied with care they can,
however, provide some guidance for the estimation of wind struc-
ture in cases where the major effect of the orography is blocking
. and channelling of the flow. If thermal effects are important
then these models require that sufficient data coverage resolve
the flow, and furthermore it is not clear that introduction of
mass conservation -in the wind field analysis is warranted in

such cases.

~The two main advantages of the mass consistent models are low
requirements to computer time and the linearity of the results.



The linearity is a result of the linearity of the continuity
equation and means that the wind distribution at all points can
be generated as a linear superposition of the results for a
number of eigenvectors of the wind observations (Endlich et
al., 1980). For the simplest case where only one set of data is
used as input (f.ex. from one radiosonde) this means that only
one model run has to be performed for each wind direction sec-
tor; for each sector model winds are proportional independent
of the input wind speed.

In connection with vertical extrapolation of surface wind data -
only, extreme care must be taken when interpreting results from
these simple models because of the arbitrary way the vertical
wind profile is constructed in the initial guess field.

Vertical extrapolation of wind speed in generally complicated
terrain where the flow is strongly ageostrophic needs, however,
not necessarily present particular difficulties when the extra-
polation is over moderate intervals, say between 10 m and 50 or
100 m even. Keeping in mind the relations presented in Chapter
7, namely the relation (valid for x > L):

Ay h

i (10.1).

u X :
where Au/u is the relative velocity perturbation due to a hill,
h is the height of the hill and x the downstream distance to
the anemometer site. That is 20 or 30 heights downstream the
perturbation is negligible. In "rough" terrain there may be no
point this far away from the nearest terrain feature.

Equation (10.1) only applies for small hills with character-
istic length L < 1 km; and for larger scale orographic features,
we noted above that the situation is complicated by stratifica-
tion effects (gravity waves) which can complicate the situation
severely for the flow on the mountain slopes and near (that is

x ~ L). For x > L, however, we must expect that the effect of
the mountain in terms of the perturbation of the wind profile
must be negligible also in this case.
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The pressure perturbation caused by mountains with horizontal
scales L 2 10 km extends to height above the boundary layer.
In many cases it is not a simple task to determine an appro-
priate L to characterize the horizontal dimensions of terrain
features. In some cases, however, a scale gap exists so that
the terrain around the anemometer is homogeneous on a small
scale, except possibly for local well definable features which
can be handled by the theory in Chapter 7, even though the
anemometer is located in the middle of a large mountainous
region and the data strongly influenced by this climatically.
In such cases the theory for the wind profile under homogeneous
conditions also applies, in particular it is reasonable to use
the simple profile expressions from Chapter 5 to vertical ex-
trapolation over moderate height intervals.

In general the strongeét perturbations of the wind profile are
caused by the very 'local features, and it is more important to
‘take these into account as accurately as possible following

-:Chapter 7, when making vertical extrapolations, than attempting =

© an analysis of the more complicated larger scale flow. The con-
dition:x > L can be fulfilled as an example in the terrain form
‘listed under point 5 in the classification above. This includes
typically wide valleys between mountain massifs in which hori-
zontal homogeneity exists on a small scale whereas the larger
scale flow is étrongly‘disturbed; as an example one may con-

- sider the mistral in the Rhdne valley in France. This flow sys-
tem which gives rise to high steady wind speeds is caused by
complicated dynamical interplay of channelling, leeside descent
and hydraulic intensification of flow between the Massif-Central
and the Alps. In the lower part of the Rhdne valley, however,
the terrain is gently sloping over scales of the order of 50-
100 km and we must expect the wind profile to be close to the
logarithmic (plus stability corrections) up to heights compar-
able to the top of the surface boundary layer apart from per-
turbations due to: smaller scale terrain features as described
in Chapters 6, 7 and 8. ‘



- 73 -

7. WIND MEASUREMENTS, OBSERVATIONS AND WIND STATISTICS

The average energy production of a given turbine at a given
place can be calculated if the power curve of the wind turbine
and the probability density function for the wind speed at hub
height are known (cf. Chapter 3). Hence a 30-year series (which
is the climatological standard) of reliably measured 10 minutes
averaged'wind speeds (cf. Chapter 2) would constitute the near
optimal statistics for calculating the mean energy production
for a given site at a given height. In a number of cases, the
relevant wind statistics may be obtained by extrapolation as
described above, but actual measurements at hub height may be
the only means by which energy production from wind turbines
placed in real rugged terrain can be estimated with a reasonable
accuracy.

Having either acquired or determined to perform wind measure-
ments at hub height the question arise to the necessary length
of the time series. Generally it can be said that at least a
year should be obtained in order to cover the yearly cycle and

- 1f possible three years or more due to the persistence in year
to year's weather. Time series of a few months length can only
be used with any reason if they can be linked (correlated) with
a nearby longer measurement series. However, in this case a
horizontal extrapolation is being performed and this has to fol-

low the guidelines discussed in Chapter 9.

In Fig. 11.1 is shown the standard deviation relative to the
mean production for various time intervals as calculated for a
45 m high wind turbine in Denmark over 21 years. Although the
curve is site and height specific it shows the general feature
that the variance or estimation error is decreasing with an in-
creasing time interval. It is seen that the standard deviation
is 30% of the mean value for 2 or 3 months production and 12%

for the yearly production.
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Fig. 11.1. The standard deviation (o) of the power averaged
over the period T ‘'relative to the mean power (P), (Petersen
et al. 1981).

Observations

If measurements are performed at the site but not at hub height
a vertical extrapolation has to be performed as described in
the bulk of this report. Quite commonly, however, available

wind speed statistics are not obtained by means of measurements
but rather visual observations following the Beaufort scale.
(Table 11.1). The analysis of such wind records is difficult

and the uncertainty on the results often large. This is so for
several reasons: The wind is estimated subjectively by an ob-
server rather than being objectively measured by instruments;
Observers and sites of observations may have changed over the
time; The scale in which the winds are reported may have changed
(in Denmark it changed from a seven-category land scale to the
13-category Beaufort scale in 1911, (Peterson, 1983)); the as-
signment of a numerical value to the observed wind is a subjec-
tive judgement and has no one-to-one correspondence with the
actual wind speed (Alcock and Morgan, 1978). With these warnings
it should be said that there are advantages in using the record
of a trained observer who has recorded his observations using
the Beaufort scale. Anemometer records are fallible; anemometers



Table 11.1. Beaufort's table for

speed equivalence.

wind force and wind

Beau- Descrip=

Velocity equivalent

Specification

Specification

fort tion at a standard height for estimated for estimated
num= of 10 metres above speed over land speed over 'sea'
ber open flat ground
Knots Metres Kilo~-
per metres
__second per hour
0 Calm <T 0-0.72 <T Smoke rises Sea like a mirror
Vertically
1 Lyght -3 0.3-1.5 15 Direction of wind Ripples with appearance of
air shown by smoke- scales are formed, but
drift but not by without foam crests
wind vanes
2 Light 4-6 1.6-3.3 6~-11 wind felt on face; Small wavelets, still short
breeze leaves rustle; but more pronounced; crests
ordinary vanes have a glassy appearance
moved by wind and do not break
3 Gentle 7-10 3.4-5.4 12-19 Leaves and small Large wavelets; crests begiln
breeze twigs in constant to break; foam of glassy ap-
motion; wind pearance; perhaps scattered
extend lighc flag white horses
4 Moderate T1-16 5.5-7.9 20-28 Raises dust and Small waves, becomming longer;
breeze loose paper; small fairly frequent white horses
branches are moved
S Fresh 17-21 8.0-10.7 29-138 Small trees 1in Moderate waves, taklng a more
breeze leaf begin to pronounced long form; many
sway, crested white horses are formed
wavelets form on (chance of some spray)
inland water
[ Strong 22-27 70.8-73.8 39-49 Large braches iIn Large waves begin to form;
breeze motion; incon- the white foam crests are
venience felt when more extensive everywhere
walking against (probably some spray)
. the wind
7 Near 28-33 73,9-17.1 50-61 Whole trees 1n Sea heaps up and white foam
gale motion; incon- from breaking waves begins
venience felt when to be blown in streaks along
walking against the direction of the wind
the wind
] Gale 33-90 17.2-20.7 6Z-74 Breaks twigs off Moderately high waves of greater
trees; generally length; cages of crests begin to
impedes progress break into the spindrift. The foam
is blown in well marked streaks
along the direction of the wind
) Strong 41-47 20.8-24.4 "75-88 S1ight structural High waves; dense streaks of foam
gale damage occurs along the direction of the wind;
(chimney-pots and crests of waves begin to topple,
slates removed) tumble and roll over; spray may
affect visibility
T0 Storm 48-55 34.5-28.4 B9-102 Seldom experienced Very high waves with Iong overhang-
inland; trees up- ing crests; foam, in great patches,
rooted; consider- is blown in dense white streaks
able structural along the wind. On the whole the
damage occurs surface of the sea takes a white
appearance; the tumbling of the sea
becomes heavy and shocklike;
visibility affected
2 Exeptionally high waves; the sea 1s
1" Violent 56-63 28.5-32.6 103-117 Very rarely completely covered with long white
storm experienced; by patches of foam lying in the
widespread direction of the wind; the edges of
damage the waves are blown into froth;
visibility affected
12 Hurri- 64 and 32.7 and 718 and The alir is filled with foam and
cane over over over spray; sea completely white with

driving spray; visibility very
sereously affected.

are quite often poorly sited, so that their measurements are not
representative of the overall wind conditions in the area; they
do not always operate properly; their maintenance may not be

sufficient; and for low wind speeds they may not operate at all.



A trained observer, on the other hand, can record overall wind
conditions, can distinguish between calm and low wind speeds,

and naturally tends to report an integrated observation of the
prevailing conditions rather than making a nearly instantaneous
observation of the present wind speed and direction at a particu-
lar location. The Beaufort system of wind classification can be

a rather useful if imprecise measure of the state of the wind.

Sometimes visual observations are supplemented by measurements
of the Déily Wind Run. The anemometer is then read of once a
day giving in miles the distance travelled by the wind in the

preceeding 24 hours. The conversion to metric units is

u(ms=1) = 0.0185 x Daily Wind Run (miles)

Table 11.2. Lodwar Meteorological Station, Kenya.

DAILY WIND CALMS
WIND SPEED

RUN | 946-70) | 0966=70

(1967~ 5260 1200 [ 0600 | 1200

MONTH 70) | GMT | GMT | GMT |GMT

miles |knots [knots| doys [doys
Jonuary 100.8 5 12 7 1
Februory | 107.8 5 13 6 0
March 117.0 6 13 2 1
Agiril s 4oy eon 2L
Moy e B 1o
June 112.1 9 9 1 0
July 1 122.2 9 9 1 1
August 123.1 9 10 1 1
September| 131.0 10 10 1 0
October 138.9 9 12 0 0
November 137.7 7 12 2 1
December | 107.7 4 12 é 1
el B T s o el BT e (ki

Table 11.2 is taken from Climatological Statistics for East
Africa, East African Meteorological Department (1975). If the
average diurnal variation of the wind speed is considered to
be sinussoidal, which is often the case, with the 6 GMT obser-

vation representing the minimum and the 12 GMT the maximum,
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then the average wind speed at 10 metres height could be esti-
mated as 0.5(7 kt + 11 kt) = 4.5 ms~!. Further the Daily Wind
Run can be used to estimate the mean wind speed. It appears
from the table that the yearly average at two metres is 119.4
miles/day corresponding to 2.2 ms=!. The anemometer is (was)
situated with surrounding low buildings and trees. An estimate
of the roughness is then z5 = 0.4 m (see Fig. 5.1) and a logar-
ithmic extrapolation to 10 metre gives 4.4 ms—1. This is close
to the estimated value from the visual observations. It should
be noted that a logarithmic extrapolation requires average
neutral conditions which cannot be expected for this station.
The reason for the good agreement can beside pure coincidence be
attributed to the fact that the neutral value at 10 metres is
almost halfway between the stable value to be expected at 6 GMT
and the unstable value at 12 GMT. An estimate of the wind speed
statistics at 10 metre which can be obtained from Table 11.2 is
then u = 4.5 ms~!. With a guessed k = 2 we have A = 4.5/0.886 =
5 ms—1.

Sometimes climatological tables in addition to the three wind
speed columns in Table 11.2 also have number of gales > Be 8
(18 ms=1, cf. Table 11.1). In principle this information can

be used to determine k when A has been estimated, but with a
very high uncertainty due to the infrequent occurrences of such
extremes. If, however, the exceedance of a value closer to the
mean was known say Pr(u > ug) = p thén from Eqg. 4.2 the follow-
ing expression for k can be obtained

In(-1
k= n( n (p)) (11.1)
ln(ug) - 1ln(A)

For example, if it is known that u = 4 ms~1 and the frequency of
exceeding u = 6 ms~!1 is 15% then (with A = 4/0.87 = 4.5 ms~1)

1n(-1n(0.15))
1n(6) - 1ln(4.5)
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Measurements

Meteorological measurement programs which are carried out in
connection with wind energy investigations usually have two main
usages: The estimation of the wind energy resource available for
a certain region and the estimation of the mean energy produc-
tion from a specific wind turbine at a specific location. The
latter usage is also connected with the search for the optimal
site inside a certain area. Zambrano (1980), Hiester and Pennell
(1981) and WMO-No. 175 describe and give practical examples on
the use of a variety of methods ranging from usual instrumented
meteorological masts to the use of biological and geomorphologi-
cal indicators. The basic idea of using biological and geomor-
phological indicators is that persistent winds in a region can
cause deformation of vegetation, especially trees and eolian
landforms such as dunes. These methods are still in the early
being and can at present not be considered as means for reliable
wind potential estimates.

‘With respect to the problem of designing a measurement program
for investigating the wind energy resource of a ‘region (scale
of a few hundred kilometres) a few important points should: be
emphasized:

When the region is of types 1, 2 and 5 (Chapter 10), rather than
putting up a dense network of small meteorological masts it is
much better to have but a few perfectly sited masts (no obstruc-
tions and with homogeneous surroundings) that can resolve the
statistics of the overall wind field as explained in Chaptef 9.

The higher the measuring heights the better, the meteorological

standard of 10 metres is not relevant in this connection.

The reader's attention is directed to the previously mentioned
Climate Application Referral System, Wind Energy (WCP-56, WMO
1983), and especially for the subject of this chapter, entries
under key word: "Instruments, equipment and data handling"
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