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A Comparison of Standard
Coherence Models for Inflow
Turbulence With Estimates from
Field Measurements
The Long-term Inflow and Structural Test (LIST) program, managed by Sandia Nat
Laboratories, Albuquerque, NM, is gathering inflow and structural response data o
modified version of the Micon 65/13 wind turbine at a site near Bushland, Texas. Wit
objective of establishing correlations between structural response and inflow, pre
studies have employed regression and other dependency analyses to attempt to
loads to various inflow parameters. With these inflow parameters that may be thoug
as single-point-in-space statistics that ignore the spatial nature of the inflow, no sig
cant correlation was identified between load levels and any single inflow paramet
even any set of such parameters, beyond the mean and standard deviation of th
height horizontal wind speed. Accordingly, here, we examine spatial statistics in
measured inflow of the LIST turbine by estimating the coherence for the three turbu
components (along-wind, across-wind, and vertical). We examine coherence spec
both lateral and vertical separations and use the available ten-minute time series o
three components at several locations. The data obtained from spatial arrays on
main towers located upwind from the test turbine as well as on two additional tower
either side of the main towers consist of 291 ten-minute records. Details regarding
mation of the coherence functions from limited data are discussed. Comparisons
standard coherence models available in the literature and provided in the Internati
Electrotechnical Commission (IEC) guidelines are also discussed. It is found tha
Davenport exponential coherence model may not be appropriate especially for mod
the coherence of the vertical turbulence component since it fails to account for reduc
in coherence at low frequencies and over large separations. Results also show th
Mann uniform shear turbulence model predicts coherence spectra for all turbulence
ponents and for different lateral separations better than the isotropic von Ka´rmán model.
Finally, on studying the cross-coherence among pairs of turbulence components bas
field data, it is found that the coherence observed between along-wind and vertica
bulence components is not predicted by the isotropic von Ka´rmán model while the Mann
model appears to overestimate this cross-coherence.@DOI: 10.1115/1.1797978#

Keywords: Coherence, Inflow, Turbulence.
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I Introduction
The present study was motivated by failure to find meaning

correlation between turbine loads~extremes and fatigue! and
simple inflow parameters that did not describe the spatial struc
of the inflow. For example, in previous regression studies by N
son et al.@1# it was found that single-point-in-space statistics
inflow ~e.g., at the hub height! were insufficient for predicting
wind turbine loads such as extreme edgewise~in-plane! or flap-
wise ~out-of-plane! bending moments at the blade root. It wa
thus, thought to be useful to study the full spatial description
the random inflow turbulence field. The availability of inflow da
~as time series segments! at multiple locations through the Long
term Inflow and Structural Test~LIST! program offers a unique
opportunity to estimate the spatial statistics of the inflow. It is o
belief that future studies on the correlation of wind turbine loa
to inflow may be improved if such spatial statistics are taken i
consideration.

One means of identifying the frequency-dependent and ran
nature of interactions in the inflow at different locations and h

Contributed by the Solar Energy Division of the THE AMERICAN SOCIETY OF
MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF SOLAR EN-
ERGY ENGINEERING. Manuscript received by the ASME Solar Energy Division, Ja
2004; final revision, June, 2004. Editor: P. Chaviaropoulos.
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these might influence turbine loads is to study the coherenc
along-wind (u), across-wind (v), and vertical (w) turbulence
components. For design purposes, prescribed models for each
bulence component, including power spectra and coherence s
tra, are required in order to perform simulations of the compl
inflow field. Computational aerodynamic analysis software u
this simulated inflow to compute the structural response that m
be used to determine design loads. Different theoretical turbule
models utilized to construct full-field wind simulation may resu
in significant differences in design loads for wind turbines. Ve
kamp@2# compared predictions of turbine tower and blade fatig
loads based on inflow simulation with several turbulence mod
For example, with two of the models studied—the Mann unifo
shear model@3# where the spectral tensor for atmospheric surfa
layer turbulence in neutral conditions based on the Navier-Sto
equations as well as conservation of mass is modeled; and
Veers model@4# where the three turbulence components, contr
to the Mann model, are assumed independent—he concluded
predicted fatigue design loads were quite different. This find
suggests the importance of selecting appropriate turbulence m
els in design. We are also therefore interested in assessing
validity of the existing turbulence spectral models currently d
fined in the International Electrotechnical Commission~IEC! stan-
dard @5# as well as of other well-established coherence mod

n.
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available in the literature by comparing them with coheren
spectra of full-field wind turbulence components estimated
rectly from field measurements from the LIST program mana
by Sandia National Laboratories, Albuquerque, NM.

Another motivation for the present study is that although s
eral field studies of the coherence structure of turbulence h
been carried out in Europe~see, for example, Mann et al.@6#;
Schlez and Infield@7#; Larsen and Hansen@8#!, comparatively far
fewer such studies, especially with the appropriate heights
separation distances that are useful for wind turbine applicati
and that take into account site-dependent turbulence length s
have been carried out in the United States where the environm
tal conditions and coherence structure of the inflow may be
ferent.

Recent findings from inflow measurements carried out in E
rope by Larsen and Hansen@8# reveal that coherence of the alon
wind turbulence component for different vertical separations
creases with increasing separation, with decreasing integral le
scales, and with decreasing measuring altitudes. In contrast
lateral separations, the same dependence of coherence on a
was observed as was seen for vertical separations; howeve
clear dependence of coherence on integral length scale an
spatial separation was identified based on the measurem
However, these conclusions are based upon limited data and
lateral separation distances in that study were greater than 7
~much larger than the separations that we will study!. Also, in that
study, only the along-wind coherence was considered. Here,
available inflow data from the LIST program allow us to analy
coherence spectra for all three turbulence components at diffe
vertical and lateral separations. In addition, we also study
cross-coherence of each pair of distinct turbulence componen
the center of the rotor circle.

In the following, power spectra and coherence spectra for
three turbulence components are estimated using several o
LIST data sets by employing the Welch’s modified Periodogr
~block-averaging! spectral estimation method. To facilitate unde
standing of the coherence as a function of primary inflow para
eters, we study these separately for different bins defined on
basis of hub-height mean and standard deviation values of h
zontal wind speed. Since only limited data from the first phase
the LIST program were used and the estimations of the coher
functions may be subject to large statistical uncertainty, error
tistics of the estimated spectra defined in terms of bias, varia
and confidence limits are discussed.

II LIST Data Set
The data sets employed to estimate spatial coherence sp

throughout this study were provided by Sandia National Labo
tories through the ongoing Long-Term Inflow and Structural T
~LIST! program~Sutherland et al.@9#, Jones et al.@10#!. The LIST
program has made available continuous time series of atmosp
inflow conditions as well as structural response data for a m
fied Micon 65/13 wind turbine~referred to as the LIST turbine in
this study!. This measurement campaign is taking place at
United States Department of Agriculture-Agricultural Resea
Service~USDA-ARS! site in Bushland, Texas which is characte
istic of a Great Plains site with essentially flat terrain and
primary wind direction at the site is from 215 deg with respect
True North~see Fig. 1 for details of the LIST test site!.

The data were recorded as ten-minute segments, each of w
contains approximately 18,000 data points, at a sampling rat
30 Hz ~implying a Nyquist frequency of 15 Hz!. Characterization
of the inflow in this study relies on an array of five sonic anemo
eters mounted on three meteorological towers located appr
mately 30 m in front of the LIST turbine as shown in Fig. 1. T
center tower is directly upwind of the LIST turbine. The other tw
towers are one rotor-disk radius to the left and right of the cen
tower. The five sonic anemometers are mounted as follows: at
height which is 23 m from the ground; at the top and bottom
1070 Õ Vol. 126, NOVEMBER 2004
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the rotor circle; and at positions left and right of the center of t
rotor circle ~see Fig. 2!. Two additional meteorological towers
located in front of the sister turbines, approximately 38 m aw
from the center tower on the left and right, were constructed
measure horizontal wind velocities at the hub height using c
anemometers. The additional inflow data from one of these t
towers are used to study the coherence of the along-wind tu
lence component at this greater lateral separation.

In preparation for the analysis, 291 of the available ten-min
data records were grouped into bins, depending on the horizo
mean wind velocity at hub heightUhub and the standard deviation
of the same hub-height velocity,shub. This was done in order to

Fig. 1 Schematic view of the LIST test site showing the LIST
turbine „Turbine B … and five meteorological towers

Fig. 2 Primary inflow instrumentation on the main meteoro-
logical towers upwind of the LIST turbine. Hub height is 23 m;
anemometers on the center tower are spaced 8.5 m vertically
apart; anemometers at hub height are spaced 7.7 m laterally
apart.
Transactions of the ASME
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obtain a representative sample of data sets for each bin so
conclusions could be made about the dependence of coheren
these inflow parameters, regarded as primary by the wind en
community. The number of available data sets for each bin
shown in Table 1. We recognize that turbulence standard devia
does not affect coherence in a direct manner. A more approp
inflow parameter for binning might have been the turbulence
tegral length scaleL, as it is more directly related to the spati
coherence structure of wind fluctuations. However, we chos
bin the LIST data set in this study on the basis of mean w
speed and turbulence standard deviation because such binn
often used to define wind turbine classes for design purpose
specified in the IEC guidelines@5#.

All the bins that contained a sufficient number of samples w
analyzed; however, only results based on data sets from three
are discussed in the following. These selected bins correspon
the boldfaced entries in Table 1. For simplicity, these are refe
to as Bins A, B, and C in the following. The range in values of t
meanUhub and the standard deviationshub of the horizontal wind
speed at hub height for each of the three bins is shown in Tab
along with the number of data sets availableNg . In passing, we
mention that with binning on the basis of mean wind speed
turbulence length scale~instead of turbulence standard deviatio!
for the data sets studied here, a very similar numbers of data
in three bins~like the Bins A, B, and C, here! is found. As a result,
apart from the physically more sound reasons for choosing to
on length scale when studying coherence, no improved statis
significance advantage is derived from such binning.

The LIST inflow data records collected by several anemome
as discussed above provide a good opportunity to study the co
ence behavior of the three wind turbulence components for
different vertical separations of 8.5 and 17.0 m where the w
speed time series were measured by sonic anemometers loca
three positions on the center tower mast. In addition, using
data collected by three sonic anemometers located at hub h
on the three center towers as well as one cup anemometer o
far-right tower, the inflow coherence spectra for three lateral se
rations can be analyzed. However, since the mean wind direc
during the measurement campaign was not perpendicular to
plane containing the wind speed sensor array, the actual la
separations for coherence calculations are not equal to the
zontal distances between any two sensors and hence need
corrected. This situation that results because the mean wind d
tion is not perpendicular to the plane of the mast array is ill
trated graphically in Fig. 3. Correction to account for this effec
carried out by multiplying the actual horizontal distance betwe
the two sensors under consideration by the cosine of the a

Table 1 The number of ten-minute data sets in each bin char-
acterized by the mean, Uhub , and standard deviation, shub , of
the hub-height horizontal wind velocity.

Uhub ~m/s!

shub ~m/s! 7-9 9-11 11-13 13-15 15-17 .17

0.5-1.0 52 29 0 0 0 0
1.0-1.5 22 33 20 3 0 0
1.5-2.0 5 21 25 8 5 3
2.0-2.5 3 6 6 14 14 9
2.5-3.0 0 2 0 2 2 7

Table 2 Three bins selected for the numerical studies and the
available number of ten-minute data sets, Ng .

Bin Uhub ~m/s! shub ~m/s! Ng

A 9-11 1.0-1.5 33
B 11-13 1.5-2.0 25
C 15-17 2.0-2.5 14
Journal of Solar Energy Engineering
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between a normal to the plane of the sensor array and the h
zontal mean wind direction for each ten-minute data record. Th
these corrected lateral separations are averaged over all the
minute data sets in each bin. This finally leads to three differ
lateral separations for each bin that were used while repor
inflow coherence spectra results. These lateral separations are
13.1, and 32.5 m for Bin A; 6.7, 13.4, and 33.2 m for Bin B; an
6.0, 12.1, and 29.9 m for Bin C as summarized in Table 3.

III Coherence Estimation: A Review
A mathematical definition of the~magnitude-squared! coher-

ence function,g2( f ), of two stationary random processes,p and
q, may be given as

g2~ f !5
uSpq~ f !u2

Spp~ f !Sqq~ f !
(1)

whereSpp( f ) andSqq( f ) are the one-sided~auto-!power spectral
density functions ofp and q, respectively, at frequency,f ; and
Spq( f ) is the one-sided complex-valued cross-power spectral d
sity function between the two processes. Note that some re
ences refer to the coherence function as the root-coherence w
is the absolute value of the normalized cross-power spectrum,
ug( f )u5uSpq( f )u/ASpp( f )Sqq( f ). Hereinafter, we will refer to
the coherence function as the magnitude-squared coherence
tion @defined by Eq.~1!# and we will use either of these two term
~i.e., coherence or magnitude-squared coherence! interchangeably,
unless specifically stated otherwise. It should be mentioned a
that, for a homogeneous turbulence field, the quadrature spec
~i.e., the imaginary part of the cross-power spectrum! will be rela-
tively small when compared with the cospectrum~i.e., the real
part of the cross-power spectrum!. Hence, it is commonly as-
sumed in wind turbulence simulation studies that the cro
spectral density function is real. As a result, the phase informa
conveyed by referring to a phase spectrum is generally consid
less important than the magnitude-squared coherence or the
coherence for wind turbine studies. Accordingly, here, the ph
spectrum is excluded from our discussions. The coherenceg2( f ),
is always greater than or equal to zero and by Schwarz’s ineq

Fig. 3 Illustration of the corrected lateral separation D com-
puted from the horizontal distance between two sensors and
the angle between the mean wind direction and a normal to the
plane of the mast array u

Table 3 Averaged angle between the mean wind direction and
the plane of the mast array as well as the vertical and lateral
separation distances available for estimating inflow coherence
spectra for each bin.

Separation distances~m.!

Lateral Vertical

Bin Averaged angle (°) Small Intermediate Large Small Intermed

A 9.7 6.5 13.1 32.5 8.5 17.0
B 28.9 6.7 13.4 33.2
C 237.7 6.0 12.1 29.9
NOVEMBER 2004, Vol. 126 Õ 1071
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ity, it always less than or equal to unity. For a finite-length d
record, the coherence can be estimated from averaged estima
the auto- and cross-spectra; namely,

ĝ2~ f !5
uŜpq~ f !u2

Ŝpp~ f !Ŝqq~ f !
(2)

where the quantities with a caret indicate that each is estim
from the limited data (Ng data sets for each bin!. Because of the
use of limited data and of records of finite length, the estimate
Eq. ~2! have unavoidable statistical errors. For example, an o
ous distortion will occur if one tries to compute the coheren
function by using only one realization of each of the two pr
cesses,p andq. For such an estimation procedure, the compu
coherence function will be identically equal to unity at all fr
quencies. In practice, each sampled time series is therefore
into N subsegments to prevent this source of distortion. FoN
nonoverlapping realizations of a stationary, Gaussian random
cess, the bias~Bias! and the variance~Var! of the coherence spec
trum estimate at any frequency due to time-record truncation
fects were derived~Carter@11#! and may be expressed as

Bias~ ĝ2!'
1

N
2

2

N11
g21

1!~N21!

P i 51
2 ~N1 i !

g41
2!~N21!

P i 51
3 ~N1 i !

g6

(3a)

'
1

N
~12g2!2 for large N (3b)

Var~ ĝ2!'
N21

N~N11! H 1

N
12g2

N22

N12
22g4

N~2N22N22!13

P i 51
3 ~N1 i !

12g6
N~N326N22N110!28

P i 51
4 ~N1 i !

1g8
N~13N4215N32113N2127N1136!2120

~N12!P i 51
5 ~N1 i ! J

(4a)

'5
1

N2 g250

2

N
g2~12g2!2 0,g2<1

for large N (4b)

Note that Eqs.~3a! and ~4a! are approximate and result from
truncating series expressions for the exact bias and varianc
coherence estimates while Eqs.~3b! and ~4b! involve further ap-
proximations that are applicable only whenN is large. The reader
is referred to the work of Carter@11# and Kristensen and Kirkeg
aard@12# for exact expressions for the bias and variance of coh
ence estimates. It is recognized that allowing for overlapping
subsegments can further reduce the statistical variability of
estimates because of the greater number of degrees of free
used. Experimental investigation by Carter@11# where a Hanning
data window was utilized suggests that 50% overlapping is
optimal choice as a compromise between reduction in stan
error and computation time.

Besides conventional bias as predicted by Eq.~3a!, bias power
leakage effects may be introduced if the selected resolution b
width is wide relative to the actual range of frequencies associ
with a peak in the spectrum. This category of bias, which
known as ‘‘resolution bias’’ may lead to large distortions near
peak of the spectrum. In studying turbulence components,
type of bias may be present due to the significant amount of
ergy at low frequencies. Even though a theoretical expressio
this bias is not available, Jacobsen@13# concluded from numerica
simulation studies that resolution bias effects will occur especi
when the number of degree of freedom increases. This is typic
1072 Õ Vol. 126, NOVEMBER 2004
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associated with the number of~overlapping! subsegments use
and when the coherence values are close to unity. Thus, u
certain circumstances, this resolution bias may dominate the
ventional bias@Eq. ~3a!# resulting from a finite number of statis
tical realizations. Jacobsen@13# did not report any systematic vari
ance dependency on power leakage from his experime
indicating that the variance~or standard error! in coherence spec
tra may be estimated by Eq.~4a! alone.

Another source of bias in estimating coherence is due to p
sible time delay between the two signalsp and q that can be
easily detected either by simply observing the correspond
cross-covariance function of the two time series or by observin
linear trend in the phase spectrum. This source of bias migh
important when studying coherence in turbulence compone
over large lateral separations.

IV Estimation Procedure
For each bin defined in Table 2, the wind velocities in t

measured frame of reference are transformed into the stan
micrometeorological coordinate system, defined as along-w
(u), across-wind (v), and vertical (w) components. Next, each
ten-minute time series of interest is partitioned into a suita
number of 50% overlapped subsegmentsNd , each of which is
considered as a realization of the process for use in estimatio
the spectra. Hence, each bin class yields a total ofN5Nd3Ng
realizations. Then, for each zero-mean realization~the mean is
removed first!, a detrending~assuming a linear trend!, a prewhit-
ening filter, and a Hanning data window multiplication are a
plied, before raw power and cross spectra are finally compu
using the Fast Fourier Transform~FFT! algorithm. Next, these
spectra derived from the realizations are averaged in each b
obtain representative power spectral density functions and cr
power spectral density functions for use in Eq.~2! to compute the
coherence spectrum,ĝ2( f ). This coherence estimate is then bia
corrected using Eq.~3a!. Note that the prewhitening filter is ap
plied here in order to reduce possible bias in power spect
estimates in the low-frequency region due to leakage proble
~Jenkins and Watts@14#; Schwartz and Shaw@15#!. The prewhit-
ening filter coefficients, based on a simple moving average mo
were determined such that the power spectrum of the filtered
bulence signal is essentially ‘‘white,’’ resulting in less power
lower frequencies that ‘‘leaks’’ into the neighboring higher fr
quency region. By a trial-and-error procedure, the filter coe
cients were found to be such that the prewhitened signalyt , was
equal to 1.01xt21.00xt21 wherex is the original zero-mean, de
trended signal. It is important to point out that detrending a
prewhitening the inflow turbulence signal is essentially equival
to applying linear high-pass filters to the signal, which will n
affect coherence spectrum estimates. This is because the l
transfer functions will apply to both the auto- and cross-spec
and will eventually cancel out based on how they appear in
estimate of the coherence spectrum given by Eq.~2!. Trend re-
moval and prewhitening procedures, however, do directly in
ence auto- and cross-spectrum estimates individually. Disreg
ing either of these two procedures can lead to bias in auto-
cross-spectra individually, especially in the lowest frequency
gion ~negligibly at higher frequencies!. We accordingly employ
these procedures here because even though they do not influ
coherence estimates~our focus!, we will briefly discuss auto-
spectra estimates based on data and comparisons with theor
model where such procedures help limit bias problems.

V Numerical Studies
Several issues related to coherence estimates based on the

field measurements are investigated. For simplicity, we will re
to power spectral density function of the along-wind (u), across-
wind (v), and vertical (w) turbulence components asu-, v-, and
w-power spectra, respectively. Similarly, for lateral and vertic
separations studied, we refer to coherence functions of the al
Transactions of the ASME
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wind, across-wind, and vertical turbulence components asuu-,
vv-, and ww-coherences, respectively. Finally, we study cro
coherence between any two turbulence components at the c
of the rotor circle and refer to these asuv-, uw-, and
vw-coherences.

A Choices of Subsegment Length. To achieve good esti-
mates of coherence spectra, it is necessary to use an appro
number of overlapping subsegments that can provide satisfact
small amounts of bias and standard error, without introduc
much spectral distortion as discussed before. A large numbe
subsegments, which is associated with small individual subs
ment length, might limit confidence intervals on the coheren
estimate but it might introduce unacceptable spectral distor
and, thus, lose the fine structure of the coherence especially
the low frequency region where the coherence value is large
rational approach was adopted in this study whereby b
corrected~magnitude-squared! coherence spectra were estimat
for different numbers of subsegments for a ten-minute time se
These estimates were then compared until an optimal numbe
subsegments was found. For the sake of illustration, we desc
how this optimal number of subsegments was arrived at w
estimating theuu-coherence for a lateral separation of 13.4
using the 25 data sets that were taken from Bin B (Uhub
511– 13 m/s andshub51.5– 2.0 m/s). The same procedure m
be applied for other turbulence components and/or for vert
separations. Figure 4(a) shows estimateduu-coherence spectra
~for 13.4 m lateral separation! based on the use of 2, 4, 8, 16, an
32 subsegments in each ten-minute record. Figure 4(b) shows
estimates of the coherence spectrum along with 90% confide
intervals with the optimal number of subsegments, equal to 8 h

Fig. 4 „a… Estimates of uu -coherence spectra for a lateral
separation distance of 13.4 m using data from Bin B and differ-
ent numbers of subsegments Nd , „b… estimate of the
uu -coherence spectrum and 90% confidence intervals using
NdÄ8
Journal of Solar Energy Engineering
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In this illustration, the number of subsegmentsNd that is less
than or equal to 8 does not cause severe distortion that can r
from subsegments that are too short. A total of 200 realizati
(8325) is selected for estimating the coherence spectrum s
this number provides the smallest standard error~compared to
lower values ofNd that have similar bias! and still has very slight
spectral distortion~compared to higher values ofNd that have
systematically larger resolution bias!. Using Eqs.~3a! and ~4a!,
90% confidence intervals were determined on the bias-corre
coherence spectra. These are shown in Fig. 4(b). Note that this
conclusion on what is a suitable number of subsegments migh
case-specific and the appropriate or optimal number of sub
ments might vary from one case to another. Note also that
choice for the number of subsegments is not limited to inte
powers of two. We selected these numbers as powers of 2 onl
illustration purposes here.

In general, for the different separation distances that are use
this study, splitting the ten-minute time series into four to eig
50% overlapped segments will create individual realizations
about 2–4 m in length making it possible to resolve frequencie
low as 0.004–0.008 Hz with reasonable statistical confidence~and
hence, avoid the problem of resolution expected at the lo
frequency peak of coherence spectra!. In passing, we point out
that for 50% overlapping, each realization will have length eq
to 10 minutes divided by (Nd11)/2 and will be able to resolve
frequencies as low as (Nd11)/1200 Hz.

B Power Spectra. Power spectral density functions of th
wind turbulence components were determined for the three B
A, B, and C before using them to estimate coherence spectra
the sake of brevity, in Fig. 5, we show power spectra only for B
B for the three turbulence components at the center point of
rotor circle mast. The estimated spectra show that the energ
the along-wind turbulence component is slightly greater than
in the across-wind component in the low-frequency range
significantly greater than that in the vertical turbulence com
nent. However, the power spectra for all three turbulence com
nents asymptotically have the same slope and magnitude in
inertial subrange~high-frequency range!. For the along-wind (u)
turbulence component, the estimated power spectrum is comp
with the Kaimal spectrum@16#. See the Appendix for a descriptio
of the Kaimal along-wind turbulence spectrum model used. A s
face roughness lengthz0 of 0.5 cm is used with the Kaimal mode
in the comparison~typical values ofz0 for mown grass terrain are
about 0.1–1.0 cm!. Comparison between the theoretical alon
wind turbulence power spectrum and the estimated spectrum f

Fig. 5 Estimated power spectra of the along-wind „u …, across-
wind „v …, and vertical „w … turbulence components for Bin B
and comparison with the Kaimal along-wind turbulence spec-
trum †16‡ assuming a surface roughness of 0.5 cm.
NOVEMBER 2004, Vol. 126 Õ 1073
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Fig. 6 Estimates of uu -coherence spectra for different vertical separations „top row …; and for different lateral sepa-
rations „bottom row … based on data from Bins A, B, and C
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field data~at the height of 23 m! shows that the estimated spe
trum agrees reasonably well over all frequencies with the Kai
spectral model.

C Coherence Estimates, Empirical Models, and Influence
of Separation. In this section, we study the inflow coherence
the along-wind turbulence component (uu-coherence! as esti-
mated from the LIST field measurements and compare this m
sured coherence with predictions based on two commonly u
empirical coherence models–the Davenport exponential m
@17# and the IEC exponential model~Thresher et al.@18#; IEC/
TC88 61400-1@5#!.

1 Davenport’s Exponential Coherence Model.Based on nu-
merous experimental results, Davenport@17# hypothesized that the
coherence spectrum of the along-wind (u) turbulence componen
for different vertical separations could be described by an ex
nential function with a decay parameter,c, as follows:

g2~ f !5exp@2c~ f D/U !# (5)

where f represents the frequency of interest,D is the separation
distance, andU is the mean wind speed at a specified reference
average height. As can be seen from Eq.~5!, there are two key
assumptions inherent in Davenport’s empirical model. First,
coherence function is assumed to be dependent only on the ra
exponential decay,c, and on the reduced frequency,f r ~equal to
f D/U). This implies no direct dependence of theuu-coherence
spectrum on the vertical separation distanceD as a separate vari
able; only an indirect dependence by virtue of the reduced
quency in Eq.~5!. Second, the proposed coherence function in
~5! approaches unity when the frequency approaches zero. Se
researchers have extended this exponential format to mode
coherence spectra for all three turbulence components and
both vertical and lateral separations where the applicable de
parameters in each case are estimated based on experimen
sults ~see, for example, Jensen and Hjort-Hansen@19#!. These
models have been widely used and have been recommend
many references. For example, Simiu and Scanlan@20# recom-
mend a decay parameter,c, of about 20 and 32 for the coherenc
spectra of the along-wind turbulence component for vertical
lateral separations, respectively.~Note that the values of 20 and 3
given here are twice as large as what are actually mentione
Õ Vol. 126, NOVEMBER 2004
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Simiu and Scanlan@20# because their decay parameters there
for the root-coherence function, not the magnitude-squared co
ence function, as we are discussing here.! Presently, we shall see
that the coherence estimates from the LIST measurements ar
in agreement with the Davenport model assumptions. It will
seen that the first assumption of the Davenport model may no
valid because the observeduu-coherence estimates are depend
on the separation distance as an additional independent param
Later, we shall see that the Davenport exponential model~which
was originally proposed only foruu-coherence and vertical sepa
rations! may not be simply extended so as to be used forvv- and
ww-coherence functions since the estimated coherence func
from measurements, especially forww-coherence do not approac
unity as the frequency approaches zero.

Coherence spectra are estimated based on the along-windu)
turbulence time series available at several spatially distributed
cations. Bins A, B, and C provided 33, 25, and 14 ten-min
samples, respectively, as seen in Tables 1 and 2. The various
ration distances in the vertical and lateral directions available
each of the three bins are presented in Table 3.

For vertical separations of 8.5 and 17.0 m, the time series u
to estimate the spectra were measured by sonic anemomete
cated at three positions on the center tower mast located app
mately 30 m upwind of the LIST turbine: one at the top of t
rotor circle, one at the center~i.e., at the hub height of 23 m!, and
one at the bottom of the rotor circle. Theuu-coherence estimate
~for the two vertical separations! along with their 90% confidence
intervals are shown in Fig. 6~top row! for the three different bins.
It is observed that, for all bins, and especially for Bins A and
where there was a relatively large number of data sets avail
~and thus smaller statistical uncertainty!, the uu-coherence even
when plotted against the reduced frequencyf r ~equal to f D/U)
decreases as vertical separation increases from 8.5 to 17.0 m.
clearly shows a dependence of theuu-coherence on vertical sepa
ration distance. Nevertheless, if we determine the decay rate o
uu-coherence functions by fitting the Davenport model of Eq.~5!
to the measured coherence over a range of reduced freque
from 0 to 0.3, we find for Bin B, that the decay parameterc is
approximately 17 and 25, respectively, for vertical separations
8.5 and 17.0 m. For these separations, the estimated decay
are in the same range as the decay parameter of 20 recomme
Transactions of the ASME
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Table 4 Exponential decay rate, c, in the estimates uu -coherence spectra for different vertical
and lateral separations based on fits to Davenport’s expolnential coherence model.

Davenport’s Exponential Model Parameter~c!

Lateral Separations Vertical Separations

Bin

Small
separation

~6.0 to 6.7 m!

Intermediate
separation

~12.1 to 13.4 m!

Large
separation

~29.9 to 33.2 m!

Small
separation
~8.5 m!

Intermediate
separation
~17.0 m!

A 17 27 127 14 24
B 19 28 48 17 25
C 16 24 45 19 27
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by Simiu and Scanlan@20#. Still, the decay parameterc increases
with separation distance~from 17 to 25 here! and the decay rate
recommended in standard references may clearly not be valid
larger separations. Note again that the dependence of
uu-coherence spectrum on the vertical separation distance
served from measurements in this study contradicts Davenp
exponential coherence model where this along-wind cohere
function when expressed in terms of reduced frequency is
sumed to be independent of separation.

For lateral separations~refer to Table 3 for the relevant separ
tions for each bin studied!, the ten-minute data sets used to es
mate coherence spectra of the along-wind turbulence compo
were measured by three sonic anemometers located at the
main towers and a cup anemometer on the far right tower~see Fig.
1!. All of these anemometers are at the hub height~23 m!. Note
again that the lateral separations used here for each bin have
corrected from the actual horizontal distances between the p
nent sensors to account for the direction of the mean wind du
the measurement campaign which was not, in general, per
dicular to the mast array. Theuu-coherence estimates for differen
lateral separations are shown in Fig. 6~bottom row! for the three
different bins. Again, when plotted against reduced frequency,f r ,
the uu-coherence systematically decays faster with reduced
quency at larger lateral separations. Note that a recent stud
Larsen and Hansen@8#, where they estimateduu-coherence~for
larger lateral separations than is the case here!, suggested tha
there was no consistent dependence of coherence on spatial
ration. Exponential decay rates~based on fitting the measure
coherence spectra using Bin B data with the Davenport model! for
separations of 6.7, 13.4, and 33.2 m are 19, 28, and 48, res
tively, compared with about 32 in Simiu and Scanlan@20#. This
again suggests a faster decay ofuu-coherence with reduced fre
quency for increased lateral separations. A similar pattern is
found for Bins A and C as summarized in Table 4. Note that wh
comparing estimated decay rates for theuu-coherence spectra in
Table 4~at least for Bins A and B!, it is found that over compa-
rable separation distances in the lateral and vertical direction,
decay with reduced frequency is faster laterally than it is ve
cally. However, this difference is not significant in part due
uncertainty associated with coherence estimates based on a
ited number of data sets. For the sake of comparison, it shoul
pointed out that Larsen and Hansen@8# also compared coherenc
decay at various lateral and vertical separations, and conclu
that the decay is faster vertically~contrary to what we found here!
but the lateral separations studied by them were much larger~79
and 170 m! than those considered here, and their vertical sep
tions were not comparable to their lateral separations.

2 IEC Exponential Coherence Model.Our finding in the
previous section is in agreement with the work by several ot
researchers~e.g. Kristensen and Jensen@21#; Mann et al.@6#! who
showed, based on their experimental results, that Davenport’s
herence assumptions may be invalid especially in situations w
the spatial separation becomes large since this simple, emp
model fails to account for the reduction in coherence at low f
quencies and large separations. To account for such limitation
r Energy Engineering

oaded 08 Nov 2008 to 128.62.160.80. Redistribution subject to ASCE 
for
the
ob-
rt’s
nce
as-

-
ti-
nent
three

been
erti-
ing
en-
t

fre-
by

sepa-
d

pec-

-
lso
en

this
rti-
to
lim-
be

e
ded

ra-

her

co-
ere

rical
re-
s in

the Davenport model, Thresher et al.@18# proposed another expo
nential coherence model that is also empirically based~as is the
Davenport model!. In this model, an additional term is present th
involves the ratio of separationD to the coherence scale param
eterLc and that allows for reduction in coherence with increase
separation. This exponential model can be expressed as

g2~ f !5$exp~2a@~ f D/U !21~bD/Lc!
2#1/2!%2 (6)

This model is currently recommended in the IEC guidelines@5#
for wind simulation and the decay parametersa andb are to be
taken as 8.8 and 0.12, respectively, while the coherence s
parameterLc is approximately 56 m for a wind turbine with a hu
height of 23 m~see IEC/TC88 61400-1@5# for details!. In the
present study, we will refer to this modified exponential model
the IEC exponential model. Similar to fits with the Davenpo
model, here we estimate the parametersa andb for the exponen-
tial model in Eq.~6! from estimates of theuu-coherence spectra
Again, fits of the estimateduu-coherences to the model wer
carried out for a range of reduced frequencies between 0 and
For illustration purposes, first we use data from Bin B alone. F
vertical separations of 8.5 and 17.0 m, the estimateduu-coherence
spectra were fit to the IEC exponential model and the decay
rametera was found to be 8.6 and 12.3, respectively, while t
parameterb was about 0.00 and 0.02, respectively. Similarly, f
lateral separations of 6.7 and 13.4 m, the decay parametera was
9.4 and 13.6, respectively, while the parameterb was about 0.05
and 0.03, respectively. The fits based on these parameters
shown in Figs. 7(a) and 7(b) for the vertical and lateral separa
tion cases, respectively.

It is observed that the IEC exponential model~with the associ-
ated parametersa andb) generally provides a good representati
of the uu-coherence spectra for Bin B. Similar good fits of th
exponential model for Bins A and C were also found. The e
mated parameters for all three bins are summarized in Tabl
Note that these fits shown in Figs. 7(a) and 7(b) and the param-
eters summarized in Table 5 for the individual bins and sepa
tions were based on using a subset of the collected data for
bin and separation. Of greater interest is to employ all of the d
and estimate the parametersa and b. Then, by using these esti
mated parameters, it would be interesting to see how
uu-coherence spectra at different separations compared with
exponential model using the overall estimated parametersa and
b. For the vertical separations, over a range of reduced frequ
cies from 0.0 to 0.3, the overall least-squares fit parametersa and
b for the exponential model foruu-coherence were 9.7 and 0.06
respectively, based on data recorded for two separations, 8.5
17.0 m. For lateral separations, these overall parameters wer
and 0.13, respectively, based on data recorded over nine se
tions ranging from 6.0 m to 33.2 m. The overall parameters
both separation directions are included in Table 5. In the late
separation case, these estimated parameters are fairly close
values recommended in the IEC guidelines wherea andb are 8.8
and 0.12, respectively. Fits based on the overall parametera
59.7, b50.13) in the lateral separation case are shown in Fig
for Bin B estimated coherence at three different separations
NOVEMBER 2004, Vol. 126 Õ 1075
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similar plot was not developed for the vertical separation case
to the limited number~two! of separations available for analysi
As one might expect, Fig. 8 shows that predictions of the ex
nential model are not as good as when the parametersa and b
used were fit for each separation distance and bin individua
The IEC exponential model appears to work better at the sma
separations~6.7 and 13.4 m for Bin B!. However, at the larger
separation of 33.2 m, the model overpredicts coherence at red
frequencies between 0.05 and 0.15 but significantly underpred
coherence at lowest frequencies; the concave-down second c
ture in the IEC exponential model in the low-frequency regi
appears to contradict what is observed in theuu-coherence esti-
mated from data.

In summary, the Davenport exponential coherence mo
though simple to use, may not be able to accurately describe
coherence structure in the wind turbulence components par

Fig. 7 Exponential fits based on the IEC exponential model in
Eq. „6… for uu -coherence spectra with „a… vertical separations
of 8.5 and 17.0 m and „b… lateral separations of 6.7 and 13.4 m
using data from Bin B
1076 Õ Vol. 126, NOVEMBER 2004
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larly for large separations because this model fails to account
reduction in coherence for low frequencies and large separati
The IEC exponential model is an improvement foruu-coherence
since two parameters~instead of one in Davenport’s model! are
utilized to account for dependence on both reduced frequency
separation distance. Still, as shown in Fig. 8, the IEC cohere
model predictions foruu-coherence at large lateral separations
quite different from coherence estimates based on field meas
ments especially at low frequencies. Because different cohere
models employed in wind simulation procedures for wind turb
load calculations can sometimes lead to significant difference
design loads, more accurate theoretical coherence models ma
required for better predictions of the coherence structure that w
in turn, lead to more realistic wind turbine design loads. Two su
theoretical coherence models will be discussed later and comp
with estimates based on the field data. Next, we compare
coherence structure in the different turbulent components as
examineuu-, vv- and ww-coherence spectra as estimated fro
the LIST field measurements.

D Coherence Structure of Each Turbulence Component
In the previous section, we only discussed results related to
herence spectra of the along-wind (u) turbulence component–i.e.
theuu-coherence. Coherence spectra for all three turbulence c
ponents~i.e., uu-, vv-, andww-coherences! for two spatial sepa-
rations are compared here. Figure 9 shows estimated coher
spectra of each turbulence component for small and intermed
lateral and vertical separations based on data in Bins A, B, an

Fig. 8 Exponential fits based on the IEC exponential model in
Eq. „6… for uu -coherence spectra with lateral separations of 6.7,
13.4, and 33.2 m using data from Bin B. The decay parameters
used in this plot „aÄ9.7 and bÄ0.13… were estimated by fitting
the model to all the measured uu -coherence spectra for all lat-
eral separations and from all bins.
Table 5 Paramters, a and b, of the IEC exponential model fits to the measured vertical and
lateral coherence spectra.

IEC Exponential Model
Parameters (a,b) for
Lateral Separations

IEC Exponential Model
Paramters (a,b) for
Vertical Separations

Bin

Small
separation

~6.0 to 6.7 m!

Intermdiate
separation

~12.1 to 13.4 m!

Large
separation

~29.9 to 33.2 m!

Small
separation
~8.5 m!

Intermediate
separation
~17.0 m!

A 8.4, 0.06 12.2, 0.08 17.2, 0.17 7.0, 0.08 10.1, 0.08
B 9.4, 0.05 13.6, 0.03 21.2, 0.03 8.6, 0.00 12.3, 0.02
C 7.9, 0.02 11.4, 0.05 21.5, 0.03 9.4, 0.00 13.9, 0.01

All 9.7, 0.13 9.7, 0.06
Transactions of the ASME
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Jou
Fig. 9 Comparison of estimated coherence spectra for each turbulence component with „a… lateral separations „two
upper rows … and „b… vertical separations „two lower rows … based on data from Bins A, B, and C.
t
F

l

t
h
t

e

e

e
rent

oss-

The
the

ight

iffer-

the
ow
For lateral separations, the wind velocity time series used
each component was measured by sonic anemometers moun
hub-height level of the three center tower masts. It is seen in
9(a) that the across-wind (v) turbulence component is more co
herent than the along-wind (u) and vertical (w) components for
all bins. Comparing theuu- andww-coherence, it is seen for a
bins that theuu-coherence is larger than theww-coherence in the
low frequency range but lower at high frequencies. As expec
coherence in all three turbulence components decreases wit
creased lateral separation at all frequencies. At the larger la
separations, it is seen that thevv-coherence is still the largest o
the three components while theuu-coherence is higher than th
ww-coherence over a larger-reduced frequency range. These
in Fig. 9(a) show that therelative coherence levels for the thre
turbulence components agree with those based on the von Ka´rmán
rnal of Solar Energy Engineering
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coherence model@22# where isotropy was assumed in deriving th
energy spectrum. When studying coherence spectra for diffe
vertical separations@see Fig. 9(b)], the vertical turbulence com-
ponent appears to be the most coherent followed by the acr
wind and along-wind components. In the isotropic model, thevv-
andww-coherence depend on the direction of the separation.
vv-coherence for lateral separations is the same as
ww-coherence for vertical separations and vice versa. This m
explain the change in relative importance of thevv- and
ww-coherence among the three spectra shown in Figs. 9(a) and 9
(b). Note, however, that the relative levels of theuu- and
ww-coherence spectra for lateral separations are somewhat d
ent from the relative levels of theuu- and vv-coherences for
vertical separations. This observation is not in agreement with
isotropic model and thus suggests a lack of isotropy in the infl
NOVEMBER 2004, Vol. 126 Õ 1077
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turbulence. To model the inflow coherence under these condit
more correctly, then, the isotropy constraint needs to be rela
Next, we study more closely the coherence structure of each
bulence component by comparing the estimated coherence sp
based on measurements with those predicted by two theore
models–the isotropic von Ka´rmán coherence model@22# and the
Mann uniform shear coherence model@3# where local isotropy is
not assumed.

E Comparing Coherence Structure of Each Turbulence
Component With Theoretical Coherence Models. As has
been already discussed, the Davenport coherence model fa
account for the decrease in coherence at low frequencies an
large separations while the IEC exponential coherence model
dictions for large separations do not adequately match coher
estimates from field measurements. Hence, alternative theore
coherence models might be considered instead of empirical m
els for use in predicting inflow coherence. Here, we consider
such theoretical coherence models that are available in the li
ture. These include~i! the isotropic von Ka´rmán turbulence model
@22# where isotropy is assumed in deriving the energy spect
and ~ii ! the Mann uniform shear turbulence model@3# where the
isotropic von Kármán energy spectrum is assumed to be rapi
distorted by a uniform, mean velocity shear. Predictions based
these theoretical models will be compared with the measured
herence spectra for all turbulence components and for var
lateral spatial separations. For the sake of comparison with
empirical model, the IEC exponential model discussed previou
will also be included whenever theuu-coherence spectra are stu
ied. ~There is no corresponding IEC exponential coherence mo
available forvv- andww-coherence spectra in the IEC standar!
1078 Õ Vol. 126, NOVEMBER 2004
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The isotropic von Ka´rmán coherence model and the IEC expone
tial model can be conveniently described using available clos
form mathematical functions. Both these models are currently
cluded into the IEC standard@5# and are recommended for use
wind turbine load calculations. The Mann uniform shear mod
on the other hand, requires greater computational effort since
influence of shear or vertical mean speed gradient~assumed uni-
form! from the surface on isotropic turbulence is included in t
model. Because of its complex formulation, the Mann cohere
spectrum offers no simple analytical solution but rather requ
numerical integration involving the sheared three-dimensional
locity spectral tensor,F i j ~wherei and j are equal to 1, 2, and 3
for the along-wind, across-wind, and vertical turbulence com
nents, respectively!. Expressions for the magnitude-squared c
herence spectra based on the von Ka´rmán and the Mann models
are provided in the Appendix while that for the IEC exponent
model was shown previously in Eq.~6!.

Notice that one requires the parametersa andb and the coher-
ence scale parameterLc in order to obtain the IEC exponentia
coherence spectra. For the von Ka´rmán model, information on the
isotropic integral length scaleL is necessary while the Mann co
herence model requires an isotropic scale parameterl ~which is
proportional to the isotropic integral scaleL), and one additional
nondimensional shear distortion parameters to quantify the influ-
ence of the shear due to the ground surface. Obviously, all of th
parameters are site-dependent and their values can be estim
only from field measurements at the site under consideration
most situations, however, this site-dependent information is
readily available and, in such cases, these various parameter
only be approximated. Since it is our intention to assess the
Fig. 10 Comparison of the estimated uu -coherence spectra for lateral separations „based on data sets from three bins …

with the IEC modified exponential „aÄ8.8, bÄ0.12, L cÄ56 m…, the von Ká rmán „LÄ56 m…, and the Mann „sÄ3.9, l
Ä14 m… models
Transactions of the ASME
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Jou
Fig. 11 Comparison of the estimated vv -coherence spectra for lateral separations „based on data sets from three bins …

with the von Ka´rmán „LÄ56 m… and the Mann „sÄ3.9, lÄ14 m… models
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lidity of the existing coherence models recommended in the w
turbine design code, all the parameters used here are take
rectly from the code; they are not estimated from the field m
surements. For example, numerical values for the required pa
etersa, b, Lc , andL are each taken from the IEC standard@5#. As
was mentioned before, the recommended decay parametersa and
b in the IEC guidelines are 8.8 and 0.12, respectively, and for
particular case where the hub height is 23 m, the suggested v
for bothL andLc is approximately 56 m~see IEC/TC88 61400-1
@5# for details!. For the Mann model, the two parametersl ands
may be approximately obtained by performing a least-square
of the model’s coherence spectra to the Kaimal model@16# instead
of to estimated coherence spectra based on measurements.
@23# carried out such least-squares fits from whichs was found to
rnal of Solar Energy Engineering
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be 3.9 whilel is 0.59 times the height of interest~hence,l is taken
to 14 m here!. Note that estimating these parameters from fie
measurements might provide a closer match to measured co
ence spectra but this is not done here.

Figure 10 shows estimateduu-coherence spectra from mea
surements for Bins A, B, and C at three different lateral sepa
tions together with spectra predicted by the three models. W
considering small lateral separations, it is seen from the top row
Fig. 10 that all three models predict similar levels of coheren
However, the IEC exponential model appears to provide the b
prediction of the three models foruu-coherence, except in the
very low frequency range where the Mann model provides
better prediction. The estimateduu-coherence from data is typi
cally lower than that from the von Ka´rmán turbulence model for
Fig. 12 Comparison of the estimated ww -coherence spectra for lateral separations „based on data sets from three bins …

with the von Ka´rmán „LÄ56 m… and the Mann „sÄ3.9, lÄ14 m… models
NOVEMBER 2004, Vol. 126 Õ 1079
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all three bins. For larger lateral separations~as shown in the two
lower rows of Fig. 10!, the three models predict very differen
coherence behavior from each other. The von Ka´rmán and the IEC
exponential models appear to predict similar trends~though the
von Kármán model predictions are always higher! where the spec-
tra at low frequency region lose their exponential character and
a result, do no approach unity at these low frequencies. The M
model, on the other hand, predicts much higher coherence g
ents~faster decays! in the low-frequency range. It is evident from
the figures that especially for the larger spatial separations,
Mann coherence model is able to capture higher coherence le
and faster decays~with reduced frequency! in uu-coherence spec
trum in the low-frequency region, consistent with field measu
ments for the higher wind speed bins~B and C!. The coherence
behavior predicted by the other two models is grossly differ
from what was observed in the field measurements.

Figures 11 and 12, respectively, show estimatedvv- and
ww-coherence spectra from measurements for Bins A, B, and
small and intermediate lateral separations compared with pre
tions based on the von Ka´rmán and Mann models. It is clear from
Fig. 12 that theww-coherence spectra estimated from data do
approach unity at very low frequencies. In fact, at the intermed
separations of around 12–13 m, theseww-coherence function val-
ues fall below 0.3 at low frequencies. This is an obvious con
diction with one of the Davenport model assumptions mentio
earlier. This, in turn, suggests that extending the original Dav
port coherence model of Eq.~5! ~initially proposed for
uu-coherence with vertical separations! to use for other turbu-
lence components, especially for the vertical turbulence (w) com-
ponent is clearly not suitable. When comparing the estimatedvv-
andww-coherence spectra from data with von Ka´rmán and Mann
model predictions, it is observed that the Mann coherence m
predicts smaller coherence values compared with the von Ka´rmán
model for both turbulence components. More importantly, the
timated coherence spectra based on the LIST data sets app
agree very well with the Mann model predictions over all sepa
tions and for all three bins studied.

F Cross-coherence. Cross-coherence spectra based on t
distinct turbulence components (uv-, uw-, andvw-! recorded at
the same point in space~here, the center of the rotor circle with
height of 23 m! were estimated and the results are summarize
Fig. 13. The figure shows no significant correlation between
along-wind (u) and the across-wind (v) turbulence component
nor between the across-wind (v) and vertical (w) turbulence com-
ponents in any of the three bins. This finding is consistent with
isotropic von Kármán model. It is also consistent with the Man
uniform shear coherence model where theuv- andvw-coherence
spectra are theoretically zero at all frequencies, due to the
symmetric character of the velocity spectral tensor compon
F12 andF23 in these two models. This is different for the corr
1080 Õ Vol. 126, NOVEMBER 2004
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lation between the along-wind and vertical components wh
larger estimates of cross-coherence were observed. This observ
is contradictory to the von Ka´rmán coherence model where th
derived uw-coherence is expected to be zero at all frequenc
Note that theuw-coherence is related to the square of the fricti
velocity and, thus, to the influence of wind shear. The von Ka´rmán
model assumes isotropy and does not take the wind shear effec
account; this, in turn, leads to failure to correctly predict t
uw-coherence estimated from the field data. On the other hand
Mann model has a spectral tensor componentF13, which is sym-
metric with respect to the wave number of the across-wind tur
lence component; thus, providing a nonzerouw-coherence spec
trum as can be seen in Fig. 13. It is clear, though, that the M
model appears to overestimate theuw-coherence function for all
the three bins studied. This finding is in agreement with the work
Mann @3# where he reported that the model overestima
uw-coherence, and suggested that a more complex model wher
inhomogeneous rapid distortion theory~Lee and Hunt@24#! is in-
cluded might provide better predictions for this cross-coheren
The present study suggests that it might be important to mo
uw-coherence~e.g., by using the Mann model! when simulating
inflow to derive design loads for wind turbines, especially if ad
tional studies can confirm that incorporating this cross-cohere
could lead to significant changes in turbine design loads.

G A Note on Atmospheric Stability. It is important to men-
tion that the coherence spectrum for turbulence components o
inflow depends to some degree on atmospheric stability conditi
Theoretical models~such as the isotropic von Ka´rmán and the
Mann uniform shear coherence models! available in the literature
are usually derived based upon the assumption that neutral or s
atmospheric conditions exist. Since there were a limited numbe
data sets available for this particular study, we did not discard
of the measured wind speed time series, some of which might h
been associated with unstable conditions. The resulting mixtur
data sets of different stability conditions may account for some
the differences found between coherence spectra predicted
empirical/theoretical models and estimates based on the meas
data as discussed in this paper.

VI Conclusions
In this study, we examined spatial statistics using the LIST p

gram’s measured inflow turbulence by obtaining estimates of po
and coherence spectra using ten-minute segments of three co
nents of the wind velocity at several different locations. Cohere
spectra for different lateral and vertical separations were studie
were cross-coherence spectra between distinct turbulent com
nents. Estimation errors associated with coherence spectra
scribed by bias, variance, and confidence intervals were also
Fig. 13 Estimates of cross-coherence spectra at the center of the rotor circle for the turbulence components taken two
at a time based on data from Bins A, B, and C, compared with the Mann uniform shear model. „The isotropic von Ka ´rmán
model predicts zero cross-coherences at all frequencies. …
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cussed. Results obtained for the three different bins of d
defined in Table 2 allow us to make the following general conc
sions:

• The along-wind coherence spectra for both vertical and
eral separations, when expressed in terms of reduced
quency, decays faster with increasing separation.

• The Davenport model exponential decay parameter
found to depend on the separation distance. The assump
that the inflow coherence spectrum approaches unity at
frequency is inconsistent with observed coherence spectra
the across-wind and vertical turbulence components. He
extending the Davenport coherence model hypotheses for
with these turbulence components is not appropriate.

• The IEC modified exponential model predictions of t
along-wind coherence for small lateral and vertical sepa
tions matched the estimated coherence from data fairly w
except at very low frequencies. There, this model pred
lower coherence than was estimated from data. At large s
rations and low frequencies, the IEC modified exponen
model fails to describe the observed fast decay of cohere
with reduced frequency.

• The relativecoherence levels of the along-wind, across-win
and vertical turbulence components for the different late
separations as estimated based on data were in accord
with the von Kármán model. The different relative levels o
coherence found when considering vertical separations
indicate a lack of isotropy in the turbulence structure.

• Using a required model parameter value as recommende
the IEC standard, the von Ka´rmán model generally overesti
mated coherence when compared to estimates from data.
was found especially so when studying the coherences o
across-wind and vertical turbulence components, but was
seen when studying the coherence of the along-wind tur
lence component, and especially at large lateral separatio

• Overall, the Mann uniform shear coherence model based
parameters fit with the Kaimal turbulence spectra appear
agree reasonably well with the estimated coherence spe
from data for all three turbulence components although it
underestimate the along-wind coherence for small late
separations. In particular, the Mann model predicts lo
frequency coherence better than other models studied, an
model does especially well compared to the von Ka´rmán
model for across-wind and vertical coherence predictions

• Estimated cross-coherence between the along-wind
across-wind turbulence components as well as between
across-wind and vertical components is far less signific
than that between the along-wind and vertical turbulen
components. This cross-coherence cannot be predicted b
isotropic von Kármán model since the influence of the she
is not included in the model, while the Mann model genera
overpredicted the cross-coherence between the along-w
and vertical turbulence components.
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Appendix

A Kaimal Spectrum Model for Longitudinal Wind Veloc-
ity Turbulence „Kaimal et al. †16‡….

Su~ f !5
105u

*
2 ~z/U !

@1133~ f z/U !#5/3

wherez is the height above the ground in meters,u* is the shear
velocity, u* '0.4U/ ln(z/z0), and z0 is the surface roughness i
meters.

B The Isotropic von Kármán Coherence Model for Lat-
eral Separations„von Kármán †22‡….

g2~ f !5H 21/6

G~5/6! Fz5/6K5/6~z!2
1

2
z11/6K1/6~z!G J 2

for along-wind turbulence component,

g2~ f !5H 21/6

G~5/6! Fz5/6K5/6~z!

1
3~2p f D/U !2

3z215~2p f D/U !2 z11/6K1/6~z!G J 2

for across-wind turbulence component,

g2~ f !5H 21/6

G~5/6! Fz5/6K5/6~z!

2
3~D/aL!2

3z215~2p f D/U !2 z11/6K1/6~z!G J 2

for vertical turbulence component,

where z52pA~ f D/U !21~0.12D/L !2, a5
G~1/3!

Ap G~5/6!
,

L is the isotropic turbulence integral scale,L53.5L, L is the
turbulence scale parameter~IEC/TC88 61400-1@5#!, G~ ! is the
Gamma function, andKn( ) is the modified Bessel function o
ordern.
Note that in the isotropic model, thevv- andww-coherence func-
tions depend on the separation direction while theuu-coherence
function does not. Thevv-coherence for vertical separations is th
same as theww-coherence for lateral separations and vice ver

C The Mann Uniform Shear Model „Mann †3‡…. The
Mann spectral tensor componentsF i j (k1 ,k2 ,k3) are given by

F11~k1 ,k2 ,k3!5
E~k0!

4pk0
4 @k0

22k1
222k1~k31b~k!k1!z1

1~k1
21k2

2!z1
2#,

F22~k1 ,k2 ,k3!5
E~k0!

4pk0
4 $k0

22k2
222k2@k31b~k!k1#z2

1~k1
21k2

2!z2
2%,

F33~k1 ,k2 ,k3!5
E~k0!

4pk4 ~k1
21k2

2!,
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F12~k1 ,k2 ,k3!5
E~k0!

4pk0
4 $2k1k22k1@k31b~k!k1#z2

2k2@k31b~k!k1#z11~k1
21k2

2!z1z2%

F13~k1 ,k2 ,k3!5
E~k0!

4pk0
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F23~k1 ,k2 ,k3!5
E~k0!

4pk0
2k2 @2k2@k31b~k!k1#1~k1

21k2
2!z2#,

and the Mann coherence spectrum for spatial separations no
to the along-wind direction is given by
g i j
2 ~ f !5

U E
2`

1`E
2`

1`

F i j ~k1 ,k2 ,k3!e2ik2d2e2ik3d3dk2dk3U2

E
2`

1`E
2`

1`

F i i ~k1 ,k2 ,k3!dk2dk3E
2`

1`E
2`

1`

F j j ~k1 ,k2 ,k3!dk2dk3
wherei and j 51, 2, 3 for the along-wind, across-wind, and ve
tical turbulence components, respectively,d1 , d2 , d3 are the non-
dimensional spatial separation vector components, defined ad i
5Di / l , k1 ,k2 ,k3 are the nondimensional spatial wave numbe
defined aski52p f l /U, l is an isotropic scale parameter propo
tional to the isotropic integral length scaleL,

k5Ak1
21k2

21k3
2,

k05Ak212b~k!k1k31@b~k!k1#2,
r-

s
rs,
r-

z15C12~k2 /k1!C2 ,

z25~k2 /k1!C11C2 ,

C15
b~k!k1

2$k1
21k2

22k3@k31b~k!k1#%

k2~k1
21k2

2!
,

C25
k2k0

2

~k1
21k2

2!3/2 arctanS b~k!k1Ak1
21k2

2

k0
22@k31b~k!k1#b~k!k1

D ,
E~k!5
1.453k4

~11k2!17/6, the nondimensional, von Ka´rmán isotropic energy spectrum,
Na-

nc-
bo-

tral
ark.
e Es-
ss.,

-

tral

the

81,
e-
on

res
’ Re-

ls

Tur-

,’’

nce
ford
b~k!5
s

k2/3A1F2S 1

3
,
17

6
,
4

3
,2k22D ,

ands is the shear parameter, while1F2( ) is the hypergeometric
function.
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