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Abstract. This paper presents some dynamic characteristiciAlthough the sonic anemometer is considered as the appro-
of an opto-electronic cup anemometer model in relation topriate tool to study wind turbulence, it can, however, fail in
its response to the wind turbulence. It is based on experisome circumstances, for instance, in the case of long period
mental data of the natural wind turbulence measured both byneasurements under rainy, snowing, icing or sandy storm cli-
an ultrasonic anemometer and two samples of the mentionethates (Makkonen et al., 2001). In those conditions, other
cup anemometer. The distance constants of the latter deviceapparatus such as fast cup anemometers might be considered
measured in a wind tunnel are in good agreement with thos¢Yahaya et al., 2003).

determined by the spectral analysis method proposed in this Two approaches are currently explored to improve cup
study. In addition, the study shows that the linear compensaanemometers performances. The first one consists in lower-
tion of the cup anemometer response, beyond the cutoff freing the constant distance of the apparatus, thus improving its
quency, is limited to a given frequency, characteristic of thetime constant (Frenzen, 1988). The second one is to define a
device. Beyond this frequency, the compensation effectivecompensation method, taking into account the dynamic char-
ness relies mainly on the wind characteristics, particularlyacteristics of the device (Hristov et al., 2000). A third way,
the direction variability and the horizontal turbulence inten- more trivial, is to adopt variable calibration constants fitting
sity. Finally, this study demonstrates the potential of fast cupto wind speed intervals.

anemometers to measure some turbulence parameters (like Experimenters often have to face the problem of the choice
wind variance) with errors of the magnitude as those deriv-of an appropriate sampling rate since little information is
ing from the mean speed measurements. This result provagsually provided by manufacturers. Some people commonly
that fast cup anemometers can be used to assess some tefoose a sampling rate of few Hz (Frangi and Richard, 2000),
bulence parameters, especially for long-term measurementghile others sample at 10 Hz or more (Hristov et al., 2000)
in severe climate conditions (icing, snowing or sandy stormto improve the data accuracy. In that case, the knowledge of

weathers). the spectral characteristics of the cup anemometer response
Key words. Meteorology and atmospheric dynamics (turbu- could be very helpful, avoiding the use of unnecessary high
lence; instruments and techniques; general) sampling rates.

The distance constant of cup anemometers is usually de-
termined in wind tunnels according to well-established pro-
tocols. But given that it conditions the apparatus behavior
in turbulent environment, it is possible to determine its value

| with a spectral study of the anemometer response, as reported

ative low cost) and despite well-known drawbacks (over-PY Kristensen and Hansen (2002). Unlike the wind tun-
estimation of mean wind speed, inertial effects at higher"€! methodology which provides both the accelerating and

frequencies), the response of cup anemometers to the Winﬁ]e decelerating _d|stance co_nstants, the one from the spec-
tral study determines a practical value of the two constants.

turbulence is widely studied to better understand the over- _
estimation mechanism (Kristensen, 1998), to define accuraté "€ Method proposed by these authors is based on the de-

estimators of turbulence parameters (Weber, 1998), and t{Jermination of an experimental transfer function between the
improve data analysis methodologies (Hristov et al., 2000)CUP @nemometer and an ultrasonic anemometer. However,

1 Introduction

Due to specific characteristics (robustness, reliability and re

Correspondence tal. P. Frangi 1 e.g. the American Standard “D5096-02 Standard Test Method
(frangi@moka.ccr.jussieu.fr) for Determining the Performance of a Cup Anemometer”
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it requires an adjustment taking into account a possible cali-of ¢ by the mean wind spedd is always constant and equal

bration discrepancy between the two anemometers and it pree the cup anemometer distance constant, i.e.:

sumes that the two devices are responding to the same exc'L- .
. . . . . =U-t. 4)

tation signal (fluctuating wind). Even if the data measured

by the anemometers are generally highly correlated, they are Thus, Eq. 8) becomes:

nonetheless not totally similar. 1
Furthering the previous idea, this paper proposes a comfT (@) = T o212 ®)
parison between the power spectra of the ultrasonic and the U2

cup anemometers. Thus, the right distance constant value i&ith L the distance constant arid the mean wind speed.
the one that minimises the difference between the two specthe signal amplitude attenuation is then given by:

tra. It is clear that the accuracy of both methods depends 1
on the considered spectral range. It then appears importaft = N (6)
to assess the upper limit of the meaningful spectrum. In ad- VI+ 57

dition, this limit constitutes the highest useful sampling rate
frequency for experimental measurements.

In the first part of this paper, equations related to the com-
putation of the cup anemometer transfer function and to thq:Or alaminar flow, for example in wind tunnels, E8) ¢an,

determination of the distance constant in thgz wind tgnnel arg, tore equilibrium between(r) andu(r), be written as fol-
stated. The second part presents the experimental instrumen-

2.2 Cup anemometer response to mean wind variation — de-
termination of the constant distance in wind tunnel

tation and protocol. The results, commented in the third part,ows'

focus on the calculation method of the distance constant, thQM +5(t) = } U - Uyp) , (7)
upper frequency limit of the anemometer meaningful spec- !

trum and the measurement of wind Speed variance. whereU is the constant wind SpE‘Ed in the wind tunnel.

Let us consider a situation where the wind-tunnel speed
is changed instantly at time from U; to U,. Then let us

2 Theoretical background replace the time constant by its expression in Eq. (4). Thus,
Eqg. (7) becomes (see Appendix B):
2.1 Cup anemometer response to wind fluctuations ds(t I
+ U
W _10+% g, 150y - vo). (8)

Within a certain wind bin and in a laminar flow, the wind ~ 4? IL - .
speedy,, measured by the cup anemometer is related to thdf S1 and Sz are the angular velocities correspondinglip

angular velocity of the device by: andU,, and if we integrate this equation betwepand a
given speed/, we obtain (see Appendix B):

ug(t) =1Is(t) + Uo, 1) n < IS + Ug )

with { the calibration constant/o the threshold speed, and Uz2—Uo—1IS

the time. 181 + U Us
When only the first order fluctuations parameters are ac- ! U —Uo—isi) =T t—1), 9)
counted for, the dynamic response of the cup anemometer is

described by Kristensen (1998): which can be rewritten as:
152+ Uo
ds'(t 1 oL T
L0 =1 W0+ o) @ S+t
dt [
Uz —Up—1S1 211 Uz 0
wheres’(z) is the fluctuation of the cup anemometer angu- 181+ Uo exp L exp _ft (10a)

lar velocity, u’(r) andw’(¢) are the fluctuations of the lon-

gitudinal and vertical wind speed, respectivelyis the cup 1S5+ U

anemometer time constant apds a constant. From Eq2), fy=—=""_1=Be (10b)
we derive the spectral transfer function (see Appendix A), IS+ Uo
Fr(w): with A=%2 and B="Y2lor 15 exp(%).
2 Let consider the case where the cup anemometer is put in
Fr () LR @) e d tunnel with A card duced
©) = ~ 7 X ) _ o
T P (@) + 2P0 (@) + 1 Pom(@) 1+ w2e2 a wind tunnel with a constant spe#d. A card is introduce

upstream from the anemometer until it stops. Then the card is
wherew is the pulsation and®,, P, and P,, are the spec- removed to let the flow pass through the anemometer. Thus,
tral intensities of the cup anemometer velocity, the longitudi-we obtain the curve in Fig. 1. From the ascending phase
nal and vertical wind speeds, respectively,, is the cross- of Fig. 1 and after removing the threshold speed part, we
spectral intensity of the longitudinal and the vertical speedscan determine the constant distance through the following
According to MacCready and Jex (1964), the multiplication process (cf. Yahaya, 2004):
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Fig. 1. Curves of the ascending and descending phases of the cup anemometer speed. The wind speed was fixedfo(ar&frmmeter
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Fig. 2. Anemometer speed function f(t)2¥%/-1 versus the time, in logarithmic axes with linear regression (Anemometer 25-2).

i) chart the anemometer velocity (in frequency) versus the3 Experiments

time;

ii) fit this curve to an exponential (or with a line in loga-
rithmic axes) and extract the coefficieat(see Fig. 2);

iii) calculate the distance constaintwith the second rela-

tionship of Eq. (10b).

The experiment, which is an extension of the Wind Erosion
and Losses of Soil Nutrients in Semiarid Spain (WELSONS)
experiment (Frangi and Richard, 2000), was carried out in an
urban area, on the roof of University Paris 7 (Paris, France).
The 3.3-m mast supporting the sensors was located at about
20 to 25 m above the ground (Fig. 3).
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] -"Fa 4 Results

The NKE cup anemometers data, sampled according to the
sample-and-hold technique, normally do not fit to the dis-
crete Fourier transform, since the rating interval is variable.
But the comparison between the spectra obtained by apply-
. lHu — i ing a discrete Fourier transform and those computed with the
H \ periodogram technique, which is a least-squares best fit of
! ‘: & sine and cosine waves to the original signal, showed insignif-
’ f icant differences. The same conclusion was reported by Kris-
- tensen and Hansen (2002). Thus, the FFT computation tech-
B, nique is applied throughout this study to save time.

Table 2 shows a good correlation between the data pro-
vided by the ultrasonic and the cup anemometer, sometimes
with a correlation coefficient as large as 0.8. It just means
that the two anemometers are within the bigger structures of
the flow.

4.1 Spectral compensation and determination of the range
of the cup anemometers meaningful spectra

Fig. 3. Experimental mast including the sonic and the NKE cup

anemometers. Heights 20 to 25m above ground and 3.3m abov‘lsn Fig. 4, On_e can Sp“t_ the SpeCtrum of the NKE cup
the laboratory’s building roof. anemometer in three regions. In the first one (Part 1) cor-

responding to the lower frequencies, the two charts (ultra-
sonic and cup anemometer) nearly merge. In the second re-
_ _ gion (Part 2), which exhibits the inertial effects of the cup
The equipment consists of two NKE cup anemometers,anemometer, the chart of the cup anemometer deviates from
a Vector cup anemometer A100L2, and a 3-D ultrasonicihe jtrasonic one and from the well-knowss/3 slope. The
anemometer. The data of the first two are acquired with &pjrq part (Part 3), a blend of signal and white noises, ends
LabView card (National Instruments Company) and rated acy,, hecoming parallel to the x-axis, thus confirming its typical
cording to the sample-and-hold technique, in which the time-cp 4 acteristics (Yim and Chou, 2001).
lag of each rotational fraction is stored until it is replaced by By combining Egs.3) and &), we obtain the expression of

the next one. So the sampling rate of these anemometers, dfh'e compensated spectral power{w), of the cup anemome-
termined by the wind speed, is about 15 Hz for a wind speedg, qata as follow: '

of 4ms™1. The ultrasonic and the Vector cup anemometers -
are monitored byltwo Campbell CR10X data-loggers accord-Pc(w) — P(w) {1 n o* L } ' (11)

ing to the respective sampling rates of 32 and 8 Hz. The ultra- U2

sonic anemometer (Campbell CSAT3) has a path-lergth,

of 10 cm. It measures the wind speed line-averaged along th&he application of this equation does not produce similar ef-

sonic pathd;. This operation causes a wavelength distortion fects on the above-mentioned different parts of the row spec-
which, according to Kaimal (1986), is limited to wavelengths trum. While in the inertia affected part, the compensation

smaller tharh,=2rd,. tends to bring the curve slope to thé&/3 value, in the white

The two NKE three-cup anemometers, labeled 25-2 ancpoises; affected part, the slope tends towards zero or positive
25-4, have been calibrated in a wind tljnnel in 1996 andvalues (Fig. 4). Thus, in the second part, the compensated

1997. Fitted with an opto-electronic transmission System,cup_anemome.te.r spectrum approacheg t.h e ultrasonic one and
their overall diameter is 9 cm, with cups of 3 cm in diameter. deviates from it in the third part. The limit between the two

As for the Vector three-cup anemometer, these dimensiongarts represents the upper frequency limit of the meaningful
are, respectively, 15 and 5.5cm. Its calibration parameters?pecnum' later on notefax. . .
The cup anemometer maximum accessible frequency, cor-

provided by the manufacturer, are variable according to the X .
device angular velocity and they take into account variousreSpondlng to the cutoff frequency at the amplitude attenua-
nonlinearity effects tion coefficientx=+/2/2 (Guyot, 1997), can be derived from

. . . Eq. ) as follows:
Table 1 presents the different periods of the experiment,
from July 2002 to February 2003, the mean wind directions,f _ Y (12)
and the timetable of the used sensors. T 2nL”

A second experiment carried out in May and June 2002The ratio of the upper frequency limit to the cutoff frequency,
in wind tunnels allowed one to determine the NKE cup f.ax/fc0, iS @ performance gauge of both the apparatus and
anemometers distance constants. the signal treatment method. Assuming that the ratio of the
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Table 1. Different periods of the experiment with the relating mean wind directions and sensors used.

Dates of experiments | July December 2002 January 2003 February
2002 2003
13| 16 23126 | 30 1415|1720 /21 (23| 4 | 5

Cup |NKE25-2 illl

Anemo- | NKE 25-4
meters | Vector

2
soicanemorcts A HE NN RN |

Wind direction 327|329| 65 | 123|201 /199|230 213|156 | 176 | 160 | 156

Table 2. Data pertaining to the upper frequency limjif, the relating amplitude attenuation and the ratio between the previous frequency
and the cup anemometer cutoff frequengy;.f/f.,. Cup anemometer 25-2, date of 30 December 2002.

Sample Duration Correlation Mean wind Turbulence Mean Mean Ratio
Start between speed intensity fax amplitude fqx/fco
time the two attenua-

anemome- tion

ters
11:10 15 min 0.54 3.50 41 5 9% 11
11:35 15 min 0.70 3.86 0.46 3 16% 6
12:00 15 min 0.62 4.23 0.40 4 13% 8
12:25 15 min 0.35 3.34 0.46 1 38% 2
12:50 15 min 0.36 3.55 0.38 2 22% 5
13:15 15 min 0.55 3.41 0.44 2 21% 5
13:45 16 min 0.63 4.03 0.36 6 8% 12
14:10 15 min 0.69 3.66 0.37 4 11% 9
14:35 15 min 0.40 2.94 0.43 1 34% 3
15:00 15 min 0.74 3.11 0.39 3 13% 8
15:25 15 min 0.78 2.80 0.37 3 12% 9
15:50 15 min 0.73 2.82 0.35 2 17% 6
16:30 15 min 0.82 2.94 0.38 3 12% 8

variable frequency to the cutoff frequengy,f.,, equals the experimental conditions (urban area with turbulence inten-
product of the variable wave number by the distance con=sity above 0.4), we believe that this value is independent of
stant,x-L, it becomes more convenient to present the com-the mean wind speed but is a characteristic of the anemome-
pensated spectrum as a function of the dimensionless wavier. This hypothesis is reinforced by the fact that the servo-
numberx-L (cf. Fig. 5). control system of the Vector cup anemometer induces a con-
Table 2 presents the main compensation parameters fdfnement of the spectra up to 1 Hz (Fig. 7). Similar effects
five samples with mean wind speeds ranging from 2.8 tohave been observed when the NKE cup anemometer data are
4.2ms. The study is restricted to this range because ovetniformly sampled at frequencies close to 10 Hz (through av-
5ms-1, the anemometer inertial effects vanish (the time con-€raging and interpolating operations).
stant decreasing with the wind speed) and below 2hthe It is generally supposed that higher wind speeds (e.g. over
natural wind is rarely continuous. Thus, one notices that thems™1) lead to wider high frequency spectra (thus, con-
upper frequency limitf,,.., varies from 1 to 6 Hz (i.e. 2to  serving roughly the same wave numbegs2xf/V, or scale).
12 Hz in temporal mode), for an overall spectral slope lessHowever, these results show that this assumption is wrong
than —1.57 (recalling that-5/3=—1.67 and that the slope since the correlation between the upper frequency limit and
tends to O out of the significant spectrum). These are fathe mean wind speed vanishes as the latter approaches a cer-
above the value of 0.3 Hz reported by Woodward and Sheehyain value (5 ms?, in this study, cf. Table 3). In this case,
(1983). Figure 6 gives the cumulative distribution £f,.. reasoning in terms of wave-number parameters only is mis-
As this frequency is always greater than 1 Hz, for the severdeading.
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Beyond 1 Hz, the upper frequency limit of the NKE cup ation coefficient of the anemometer rotation rate are nega-
anemometers depends on the wind parameters, particularlively highly correlated to the upper frequency limit (cf. Ta-
the variability of the wind direction, the variation coefficient ble 3). This result reveals one of the effects of the two pa-
of the anemometer rotation rate (which is directly linked rameters on the cup anemometer behavior. As in the sample-
to the wind longitudinal turbulence intensity) and the meanand-hold technique, the sampling rate is determined by the
wind speed (when it is too low, i.e. less than 2.5Th)s wind speed. At lower speeds the spectral frequency is lim-
The standard deviation of the wind direction and the vari-ited by the rotation rate of the anemometer, thus decreasing
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Fig. 7. Comparison between the Vector and the NKE 25-2 cup anemometers spectra (4 February 2003, sample 6).

the upper frequency limit. This explains the positive correla-tends the capacity of cup anemometers which compete with
tion between the two parameters (cf. Table 3). However, thighe ultrasonic ones. In many cases, the compensated cup
correlation vanishes when the wind speed increases. anemometer and the ultrasonic spectra, after correction of
éhe distortion caused by the device length-path, nearly cover

Table 2 also reports the amplitude attenuation rate at th :
the same frequency range (Fig. 5).

relating upper frequency limit (cf. Eq. 6) and the ratio be-
tween this frequency and the cup anemometer cutoff one.

We notice that the amplitude attenuation rate at the upper fre4.2 Determination of the distance constant through spectral
quency limit can drop down to 12% while the frequency ratio analysis and comparison with the wind tunnel method
can reach 9. Similar attenuation rates have been reported by

Finkelstein et al. (1986) for comparable cup anemometersThe proposed distance constant determination method relies
(distance constant=5m) at around 0.2 Hz. It appears that, ilon the compensation of the power spectrum through the first
some cases, one frequency decade can be roughly recoveredder transfer function of the anemometer. This supposes
through the compensation operation. This considerably exthat the spectral difference between the cup and the ultrasonic
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Table 3. Correlation between, on the one hand, the upper frequency limit and, on the other hand, the mean wind speed, the standard deviatior
of the wind direction and the coefficient of variation of the cup anemometer rotation rate.

Cup anemometer and dates NKE 25-2 NKE 25-4
26 Dec. 2002 30 Dec. 2002 13 & 16 July 2002 14 & 15 Jan. 2003
Number of studied samples 9 13 12 13
Wind speed variation range (rﬁ%) 2.66 to 3.66 2.81t03.40 3.52t0 4.07 1.60to 2.57
Correlation the mean wind speed 0.50 0.56 0.11 0.59
between the the Coefficient of variation —0.49 —-0.61 -0.31 —-0.42
upper frequency of the anemometer rotation rate
limit and: the standard deviation of the —0.41 -0.11 -0.32 —0.25

wind direction

Table 4. Distance constant values determined through the spectral study (NKE 25-2: dates of 18, 23, 26 and 30 December 2002; NKE 25-4:
dates of 13 and 16 July 2002, and 14 and 15 January 2003) and in the wind tunnel.

Anemometer's  Methodology Number of Distance constant parameters
references studied Mean Standard Coefficient
samples value (m) deviation (m) of variation
NKE 25-2 Spectral study 38 1.25 0.29 23%
Wind tunnel study 8 1.22 0.41 33%
NKE 25-4 Spectral study 25 1.23 0.33 27%
Wind tunnel study 10 1.56 0.45 29%

anemometers data is minimum when the cup anemometet.3 Measurement of the wind variance by cup anemome-
spectrum is corrected through the right distance constant ters
value (see Eqg. 5). Table 4 presents the values of two cup
anemometers determined through the spectral study. Wind speed variance, which represents the turbulent kinetic
energy of the atmospheric flow, is one of the most important
arameters conditioning many physical processes in the at-
ospheric surface layer. Thus, it is involved in the modeling
of many atmospheric phenomena, such as the transport and
dispersion of air pollutants or the probabilistic wind extreme
rce.
Although cup anemometers are usually devoted to the
measurement of mean wind profiles (Frenzen and Vogel,
01), some models, however, perform well in the assess-
ment of the wind speed variance within the spectral range of
a fewHz (Tangler et al., 1991). Figure 8 compares the wind
speed variances measured with the ultrasonic and the NKE
Equation (10b) shows that the cup anemometer distanceup anemometer, for a sampling rate of 2Hz (a linear spec-
constant can be determined in a wind tunnel by studyingtral compensation has been applied to the cup anemometer
the variation of the anemometer angular speed between twdata). Some parameters of the comparison are reported in
given wind speedsl/; and Uz. Thus, the distance con- Table 5. We notice that the slope of the linear regression is
stants of a set of five NKE cup anemometers (among whichvery close to 1. However, it remains an offset which could
NKE 25-2 and 25-4) have been determined in the wind tun-be partly attributed to a calibration discrepancy. We also re-
nel, for wind speed ranging from 1 to 3m’s(cf. Table 4).  mark that the regression parameters have been improved by
We notice that the values of the distance constant determinethe spectral compensation, making the regression parameters
in wind tunnel agree well with those stemming from the spec-in 2 Hz as good as in 1 Hz. By comparing the relative discrep-
tral studies. ancy between the two anemometers in 2 Hz, an improvement

However, the accuracy of the method depends on the upp
frequency limit, since the spectral comparison must be estab-
lished within the same frequency range. As the deviation of
the cup anemometer spectrum increases with the frequenc
the greater the upper frequency range, the more accurate the
method. Thus, we noticed that the variation coefficient of the
determined distance constant decreased from 45 to 25%
the upper limit of the comparison spectral range shifted from
0.5to 1 Hz (i.e. from 1 to 2 Hz in temporal mode).
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Fig. 8. Comparison of the wind speed variances measured by the ultrasonic and a cup anemometer (NKE 25-2). Sampling frequency of 2 Hz,
with spectral linear compensation.

Table 5. Comparison between the wind speed variances from the ultrasonic and the cup anemometer (NKE 25-2). Parameters of linear
regression and data relating to the relative underestimation from the cup anemometer.

Sampling rates 1Hz without 2 Hz without 2 Hz with
compensation compensation compensation
Slope a 0.952 0.919 0.932
Linear intercept b -0.191 —-0.201 -0.177
Coefficient of determination 0.997 0.997 0.997

(linear correlation) R

Mean relative discrepancy 14 % 18 % 15%
between the sets of variances

of about 15% rises. The real rate is expected to be greaterlied on the use of an ultrasonic anemometer as a refer-
than this figure when the possible calibration discrepancy isnce, its presence was not necessary since one could rely on
corrected. the —5/3 spectral slope of the turbulence inertial sub-range.

Figure 9 presents the variation, with the mean wind speedHowever, two main conditions are required for accurate data:
of the relative difference between the wind variances mealow mean wind speed that can generate significant inertial ef-
sured by the ultrasonic and a cup anemometer (NKE 25-2)fects on the anemometer response and a prior determination
It also shows the effects of the spectral compensation on thef the device upper frequency limit. The lowest value of the
data accuracy. To better show the variation of the relative dif-upper frequency limit can be defined as a characteristic of
ference, the parameter has been fitted by the funstigfix® the cup anemometer. Its knowledge could also constitute a
with which a good correlation (0.7) was found. It appearsguideline in the choice of an experimental sampling rate.
that, for wind speed above a given threshold (e.g., 5tis  1ps study also showed how far it was possible to go in
and for a spectral range of a few Hz, fast cup anemometerg,e compensation of the cup anemometer data. It offers a
can measure the wind speed variance with errors of the samgospect in the improvement of the device'sd own capacities.
magnitude as those deriving from the measurement of they practical conclusion is that the wind speed variance could
mean wind. The latter errors are reported to be within the,q measured, with acceptable errors, by fast cup anemome-
interval 5-10% (cf. Gouveia and Baskett, 1997). ters within a spectral range of few Hz for wind speed exceed-
ing 5ms L. The spectral compensation, which presents an
improvement of the measurement accuracy by some 15%,
could help to improve the data measurement, particularly for
the lower speeds.

5 Conclusion

We have presented a method to determine the cup anemom
ter distance constant from the spectral study of the anemome- However, further studies are necessary, on the one hand,
ter response to the natural wind turbulence. Even if the studyo confirm the values of the upper frequency limit in a less
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Fig. 9. Relative difference between the wind variances measured by the ultrasonic and a cup anemometer (NKE 25-2). Variation with the
mean wind speed and effects of the spectral compensation (Sampling frequency of 2 Hz).

turbulent environment (low turbulence intensity) and, on theReplacing the time constant, by its expression of Eq. (4),
other hand, to explain the observed offset (beyond the im-Eq. (A5) transforms into:
provement achieved through the spectral compensation) be- 1

tween the variances provided by the two anemometers modg; (w) = — .

els. In the latter case, investigations could focus on better 1+ “’U%
calibration methodology, taking into account the anemome-

ter rotation range.

(A6)

Appendix B

The characteristic equation of the anemometer response to

low wind variation around a spedd is reported by Kris-

tensen and Hansen (2002) as:

ds(1)
dt

In laminar flow, for a wind speed variation betwe€n and

Appendix A

From Eq. @), we have:
ds'(t)
dt

If F(v) is the Fourier transform of the time functiofi(z),
then we have: U, the previous equation becomes:

d
f;i’) & (2njv) Fv), (A2) z% +s(0) = %(Uz — o).

T

1 1
+5'(0) =7 (WO + ' ®) . (A1) < +s(0) =7 @) = Vo) . (B1)

(B2)

where; is the complex number for whicjf=—1.
With T, the Fourier transform of the functiari (¢), the
Fourier transform of Eq. (Al) is:

One should remember that the vallie does not intervene
in this step, where the forcing parameter is the difference
Uy—(Ug+lIs(t)). Thus, the Eq. (B2) becomes:

1
L) 2rjvt +1) = 7 (Tu(v) + uTu(v) - A3 s _ 1 ) — U (B3)
dt Tl

In terms of spectral powers, the equation becomes: From Eq. (4), one can write:
Py(o) lotj + 17 = L L

1 U O+ 0 (B4)

5 (Pu(@) + 1Py (@) + 1Puy () (A%) e

Combining with this equation, Eq. (B3) becomes:
with P,,, the cross-spectrum af andw’. The transfer func-
tion, Fr(w), of the anemometer is as follows: djl(;) = ls(t)l; Yo Uz —Is(t) — Up) . (B5)
Fr(w) = And from this:
12 P, 1
) ~ (A5) s = (86)

Pu(@) + 12 Py(@) + 1t Pu (@) 1+ 272"

Us() + Uo) Uz —Is() —Uo) 11"
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or
ds(t ds(t U
s(1) s(1) _b (B7)
Is(t) + Ug Uz —1Is(t) — U IL
Integrating the previous equation, one obtains:
n IS+ U
Up—Upg—1S
181+ Uog Uo
—In{———— ) =—(@¢—-n). B8
(o) == (88)

Abbreviations and acronyms

ASL Atmospheric Surface Layer
FFT Fast Fourier Transform

LED

NKE Cup anemometer manufacturer
WELSONS

in semiarid Spain experiment

List of symbols

dy sonic anemometer path length

f frequency

feo cutoff frequency

fmax

Fr cup anemometer transfer function

j complex number

I Calibration constant

L distance constant

P, spectral intensity of the cup anemometer speed

P. Compensated spectral intensity of the
cup anemometer response

Py spectral intensity of the cup anemometer
angular velocity

P, spectral intensity of the longitudinal wind speed

P,,  cross spectral intensity of the longitudinal and

the vertical wind speeds

Py spectral intensity of the vertical wind speed

S cup anemometer angular velocity

S mean angular velocity of the cup anemometer

s fluctuations of the cup anemometer angular
velocity

S mean angular velocity of the cup anemometer
attimei

t the time

t1 initial time

u wind speed

u fluctuation of the longitudinal wind speed

3373
U, wind speed furnished by cup anemometer
mean wind speed

o threshold wind speed

mean wind speed at time |

mean wind speed

fluctuation of the vertical wind speed
amplitude attenuation coefficient

wave number

wave length of wind speed fluctuations
constant

cup anemometer time constant

pulsation

~

"R s<CCC
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