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PREFACE 

This report is the result of project for IFE in a preliminary 

effort to utilize NILUs data estimating wind characteristica 

of relevance to wind energy systems. Making the 5 min. data 

available demanded most of the resources so there was only a 

month's work available for data analysis and reporting. 

SUMMARY 

Timeseries of horizontal wind sampled at intervals of 6t = 5 min. 

are analyzed. Power spectra are estimated by fitting an auto­ 

regressive model to the data; Akaike's identification procedure 

is used. 

As usual, the low frequency energy dominates in the power spec­ 

trum,particularly at the Norwegian west coast stations during 

the winter season. The typical 5 minute prediction error for wind 

is estimated to 1 ms-1, and it appears to vary less with the 

season than the spectral intensity at the lower frequencies. 
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ESTIMATION OF TIMESERIE MODELS FOR 

HORIZONTAL WIND. NORWEGIAN WEST COAST. 

1 INTRODUCTION 

The main purpose of this study is to estimate a few characteris­ 

tics of stochastic wind variations that are relevant for wind 

energy systems. Although such systems may be nonlinear and 

characterized by absorbtion or saturation near both ends of the 

state space, it is for illustrative purposes, assumed that they 

are described by a set of linear relations 

L{x(t)} = u(t). ( 1) 

Here Lis a linear operator and x(t) is the time varying 

n-dirnensional state vector. One component could be the instan­ 

taneous energy production.~ is the ro-dimensional forcing 

function (atmosperhic variables) .Even definitely nonlinear 

systems may be reasonably well described by Equation (1) when 

considering deviations from some reference state instead of 

absolute values (Athans, 1). The solution to Equation (1) over 

an infinite domain may be written, in component form, as 

x.(t) = Jr .. (T)u.(t-T)dT. l lJ J 
( 2) 

Here ris a known transfere function and the summation convention 

on repeated indicies is used. Equation (2) illustrates that the 

stochastic properties of the state vector ~(t) is (in principle) 

given when the stochastic properties of the forcing function u(t) 

is known. 
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Or: It illustrates how to design the system (choosing I) so that 

~(t) attains favourable stochastic properties when the stochastic 

properties of ~(t) are given. Since ~(t) is a timeserie,~ (and 

~) have infinitely many stochastic aspects. In this study we 

will restrict the attention to second order characteristics. 

From Equation (2) it is easily deduced that the relation between 

the power spectrum tensors for x and u and the system transfer 

function is formally simple 

X ¢ .. ( f) 
lJ 

F F * u = {r .1 (f) r·. (f) }¢1 (f). 
l JIB m 

(3) 

F Here r .. (f) is the Fourier transform ofr .. (t): 
lJ lJ 

r~. (f) = fr .. (t) e -i2;rftdt 
lJ lJ 

(4) 

01: Estimation of ¢~rn(f) for horizontal wind is one objective 

for this study. 

For optimal control of the system (to extract maximum energy, or 

avoid wear), it may be necessary to predict~ over a sufficiently 

long lead time. For wind energy systems, the control variables 

may be pitch angle of blades and alignment of the system into 

the wind. 

02: Estimation of optimal prediction methods and lower limits 

to prediction accuracy for horizontal wind over lead times of 

minutes is another objective for this study. 

2 TIMESERIE MODEL FOR HORIZONTAL WIND 

Both objectives can be considered as variations over the same 

theme, namely timeserie modelling (Parzen, 2). Assuming that the 

u(t)-vector is an autoregressive (AR-) process of order p 
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p 
L A(i)u(t-i) = £(t) 
i=0 - 

( 5) 

the best one-time step ahead prediction is 

A 

u (t) 
p 

= - L A(i)u(t-i) 
i=l- - 

( 6) 

~(i) are p+l rnxrn dimensional matrices with A(0) = I and€ is 

ro-dimensional white noice. The prediction error, or innovation 

variance, is~= E£(t) £T(t). Obtaining a co-variance relation 

by squaring Equation (5), introducing Fourier transforms and 

utilizing the whiteness of £(t), we get as shown in Appendix A: 

V .. 
l J 

( 7) 
in jrn nm 

with Fourier transform pairs ~(k), ~F(f) 

AF (f) 
ij 

= i A .. (k) ei21rfk 
k=0 lJ 

( 8) 

Equation (7) shows how ¢u is filtered to produce V ... Since ·- lJ 
A .. (0) = å .. and A .. (k) ~~ often a negative, rapidly increasing 
lJ lJ lJ * 

function of k > 0, {A~ (f) A~ (f)} will often be a high pass 
in Jrn 

filter. Equation (7) may also be written 

(9) 

The spectrum, f(t), is defined so that its integral between the 

Nyquist frequencies, fN = ± t 6t , is equal to the tco)-variance 

fN 
= f f(f)dt 

T Euu ( 10) 
-f N 
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Estimating the model as characterized by p, ~(i) and~ does 

therefore also give the spectrum matrix. Akaike's (3) procedure 

is used for model identification. 

Kromer (4), (Gersh and Sharp, 5), has demonstrated that, 

asyrnptomtically, the spectral density f(t), computed from a 

finite AR-model has the statistical properties: 

A 

E¢ ( f) ~ ¢ ( f) ; var¢(f) ~ 2p¢2 (f) 
N (11) 

Since the integral scale for atmospheric timeseries may be very 

large, the limit N + 00 may be practically unattainable. The 

expressions (11) is therefore not taken literary. 

2. 1 Data 

The data were obtained by NILU's automatic weather station. 

It records the mean wind force over 6t = 5 minutes and an 

instantaneous wind direction on the same time resolution. 

The measurement stations of most interest for wind energy 

studies were: 

Vindenes: (Sotra, Hordaland). Located on a small hill 25 m above 

the sea surface. Mast: 36 m. Freely exposed to wind from all 

directions. (Sivert sen 6, 7) . 

Kårstø: (Karmøy, Rogaland). Located near the sea shore at the 

bottom of Austreviki, ca 5 m above the sea surface. Mast: 36 m. 

(Sivertsen, 8) . 

Arvikafjell: Located on a 226 m hill, ca 2.5 km northeast of 

Kårstø. Mast: 25 m. (Sivertsen, 8). 

Ytraland: (Karmøy, Rogaland). Located 16 m above the sea, 

ca 500 m from the coastline (North Sea). Mast: 36 m. Surface 

inhomogenities of typical height scale 10 m. 
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Dyrholtet: (Mongstad, Hordaland). Located ca 35 m above the sea 

surface. Mast: 10 m. Shadowed from the dominating wind direction 

for the area. (Devland, 9). 

As: (Herøya, Telemark). Included to illustrate differences 

between Norwegian west coast and eastern Norway. (Sivertsen and 

Friberg, 10). Maps are shown in Appendix B. A more detailed 

description of the station localities and data are found in the 

referred reports. 

A priori and subjectively, it would be natural to consider 

localities as Ytraland, Vindenes, Arvikafjell and Kårstø as suit­ 

able for wind energy sites. The wind statistics at Ytraland and 

Vindenes are expected to be representative for most potential 

west coast wind energy sites. 

The mean wind vertical profiles are strongly influenced by local 

terrain inhomogentities (6,7,8,9,10). At all stations we will 

therefore discuss the data from the highest sensors only. 

The number of observation were chosen as the maximum allowed by 

the computer, N ~ 2200 for a scalar and N ~ 1500 for a two­ 

dimensional vector. 

3 RESULTS 

3.1 Broadbanded spectra 

Figure 1 shows the estimated energy spectrum for summer at Vindenes 

over a broad frequency range. The low frequency part is based 

on hourly mean values and the higher frequency part on five 

minute mean values. The small difference between the two in the 

overlap region is random due to the two different samples. The 

spectral maxima near the high frequency end are not considered 

to be significant. They are rather interpreted to indicate 

Akaike's scheme to identify unnecessarily complicated AR-models 

for vind fluctuations (Eidsvik, 11, 12). 
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The Marsta (Smedman-H¢gstrøm and HØgstrøm, 13) and As spectra 

in Figure 1 illustrate the high wind fluctuation level at the 

western coast. The spectacular As spectrum, with its maximum at 

the periods 24 hrs, 12 hrs, 6 hrs is understood as follows: 

The 24 hrs maximum is probably associated with the strong sea 

breeze most afternoons (10). The 12 hrs maximum is probably 

associated with the afternoon maximum and the weaker downvalley 

maximum wind most mornings. These maxima are absent at the west 

coast spectra. This is caused by weaker daily variations (more 

cloud cover) and/or stronger non-local contributions to the 

wind fluctuations. 

The estimates at Vindenes are indicative of a slight spectral 

gap at periods of the order of minutes. 

3.2 West coast spectra 

The estimated west coast spectra are shown in Figures 2 a and b. 

At lower frequencies the spectral shape is remarkably similar 

at all stations both summer and winter with a power law in the 

neighbourhood of -2 or -5/3. This does also apply to the Marsta 

spectrum and to an envelope of the As spectrum. The dependence 

between low frequency energy and mean wind speed is remarkable 

(Figure 3). 

Relative to the low frequency level, there seem to be significantly 

more small scale energy at Kårstø, Årvikafjell and Dyrholtet than 

at Ytraland and Vindenes. This is probably due to differences in 

neighbouring terrain inhomogenities. 

Figures 4 and 5 indicate that the power spectra of easterly- 

and notherly-wind components show similar properties as the wind 

force. The tendency towards estimated more high-frequency energy 

is caused by the wind direction data being instantaneous. 

3.3 Prediction error 

Table 1 shows the estimates for the expected value, variance and 

one step ahead prediction error for the wind force and the diago­ 

nal part of~ for the horizontal wind vector. Figure 4, which is 

representative for the contents of Table 1, and Figure 2, shows 
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the tendency for a large prediction error when the energy spectrum 

at the higher frequencies is high. While the low frequency energy 

is generally higher during the winter than summer, the prediction 

error varies only little with the season. This is probably due to 

increased (small scale) convective activity during the summer. 

Roughly, the minimum prediction error for 5 min. mean wind over 

a lead time of 5 minutes is approximately Iv~ 0.2U ~ 1 ms-1• 

The 5 minutes prediction error for instantaneous wind based on 

instantaneous observations would be larger due to effects of 

small scale fluctuations. Reduction of the prediction error is 

obtained by choosing smaller lead times. The effectiveness of 

reduced lead time is determined by the stochastic properties of 

the smaller atmospheric eddies. For engineering purposes, it is 

a useful approximation to consider the smaller eddies as radom 

walk (11, 12) implying that the prediction variance increases 

approximately linearly with the lead time. 

4 REMARKS 

The maximum model size was kept at p = 12 for the 5 min. data to 

avoid computational instabilities occurring with larger models. 

Since Akaike's AIC-measure may appear to identify unnecessarily 

complicated AR-models (11, 12), as is also indicated by the (most 

probably) insignificant high frequency spectral maxima, ap< 12 

is considered sufficient. 

The off-diagonal terms in the spectral tensor may not be negli­ 

gible, but are left undiscussed because it is the wind force that 

is expected to be the most relevant variable for wind energy 

studies. 

The vertical coherence of horizontal wind is expected to be close 

to one as long as the height separation 6z fulfils the inequality 

(Eid svik, 14) : 

(12) 



- 11 - 

_1 
With a mean wind U ~ 5 ms , the vertical coherence will therefore 

be close to one at all frequencies considered in this study as 

long as tz < 150 m, a sufficient vertical distance for wind energy 

studies. 
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Wind speed spectra 
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Figure 2a: Estimated wind speed spectra 
for the summer season. 

Wind speed spectra. 
WINTER 
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Figure 2b: Estimated wind speed spectra 
for the winter season. 
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Table 1: Estimates of mean value: U, climatic variance: 02 and 
innovation variance Vi for wind force: !~! and easterly 
and northerly wind components: (u1, u2). 
Summer: sand winter: w. Units: (ms-1) and (ms-1)2• 

u 02 V. 
l 

s w s w s w 

I IYI I 4.46 I 5.91 I 7.98 11.67 0.48 0.51 

Vindene~ U1 0.88 0.33 6.30 20.03 0.48 0.96 

U2 -1.15 2.74 116.73 31.14 0.41 0.93 

I IYI I 4.87 6.2 I 9.46 16.33 1. 36 1.81 

Kårstø U1 I 0.85 2.47 114.14 30.61 1.13 2.09 

U2 -1.15 -0.78 20.56 24.18 1.21 2.11 

I hll 8.52 24.36 1.92 

Årvikafjell U1 I 3.04 48.78 2.68 

I I U2 I 0.44 49.77 2.71 

1~1 5.24 I 10.60 0.62 

Ytraland U1 0.82 10.25 1.10 

U2 -1.42 31.57 1.11 

!YI 2.6 3.5 3.67 4.95 0.50 0.47 

Dyrholtet U1 0.46 -1.38 3.46 6.57 0.60 0.82 

U2 -0.23 1.55 7.07 8.33 0.67 0.72 
I 
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APPENDIX A 

Spectrum estimation via ARMA-models. Summation convention on 

repeated indicies is used, and n-s are not accounted for. 

A .. (k) u. (t-k) = B .. (k) E:. (t-k) 
lJ J lJ J 

Squaring and taking expected values gives 

A .. (k)A* (l)Q. (k-1) = V. B .. (k)B* (l)å(k-1) lJ pq Jq Jq lJ pq 

Here Eu. (t-k) u* (t-1) = Q. (k-1) and EE:. (t-k) E:* (t-1) = V. å (k-1). 
J q Jq J q Jg 

Introducing the power spectrum ¢.k(f) 
J 

A .. (k)A* (l)L¢. (f)e2nif(k-1) 
lJ pq f Jk 

= V. B .. (k)B* (l)Le2nif(k-l) 
Jq lJ pq f 

Rearanging and summing on kand 1 give 

L{A~. (f)AF* (f) }¢. (f) = 
f lJ pq Jq 

F F* LV . { B . . ( f) B . . ( f ) } 
f Jq lJ lJ 

Here A~. (f) and B~. (f) are the Fourier transforms of A .. (k) and 
lJ lJ lJ 

B .. (k). The above equation can be arranged as 
lJ 

L[{A~.(f)AF*(f)}¢. (f) - V. {B~.(f)BF*(f)}] = 0 
f lJ pq Jq Jq lJ pq 

Since¢. (f) and v. are positive definite, each term of the 
Jq Jq 

f- sum is positive. This implies that each must be equal to 

zero. That is: 

{A~.(f)AF*(f)}¢. (f) = V. {B~.(f)BF*(f)} 
lJ pq Jq Jq lJ pq 

Q.E.D. 
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