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Abstract. The frequency response of different types of sonic anemometers due to spatial averaging
of turbulent fluctuations along the sonic path isinvestigated by applying modeling procedures and by
sonic measurements. The data were obtained simultaneously at up to 4 heights over extreme smooth
and homogeneous terrain during stationary situations, varying from slightly stable to unstable. It is
shown that corrections for the variance of the vertical wind component are needed for measurements
close to the ground. A correction procedure, based on a response function for the vertical wind and
on parameters derived from power spectra, is applied to the measurements. At a height of about one
metre, the variance of the vertical wind component is typically underestimated by about 10%. The
error decreases with increasing height. It is also shown that in the height range down to one metre
other turbulence quantities, as for example the variances of the horizontal wind components and
the turbulent fluxes of momentum and sensible heat, are not markedly affected by the sonic spatial
response. Experimental data support these findings.
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1. Introduction

During recent times the sonic anemometer technique has become a basic research
tool for the determination of the turbulent fluxes of momentum and sensible heat in
the atmospheric boundary layer. Compared to other wind measuring systems, sonic
sensors have several advantages, such as high response, no overshooting, no iner-
tia. Complicated technical handling of earlier times has been changed to a modest
trestment of the instruments and manufacturer’s prices are nowadays affordable
by research and commercial users. Errors of sonic techniques due to disturbances
of the flow by the ultrasonic transducers (e.g., Horst, 1973; Grant and Watkins,
1989; Wyngaard and Zhang, 1985) have been significantly reduced by appropriate
mechanical design of the sensor array, e.g., by hiding the transducersin a stream-
lined ring and by avoiding flow directions parallel to the transmitter/receiver units.
Spurious readings of sonic measurementsby accumulation of snow and rime on the
transducers have been reported by King (1990). Such effects can easily be avoided
by adequate heating of the sensors. Theimpact of particles, such asice crystalsand
rain dropson the transducers, may reduce the accuracy of turbulence measurements
with sonic instruments. But since these influences cause distinct spikesin the data
series, they can be corrected with the aid of specia algorithms.
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One main restriction of the sonic technique, however, especially at lower mea-
surement heights, is due to the fact that the response to small-scale turbulent
fluctuationsislimited, sincethe measured transit times of the acoustic pulses, trav-
eling along the paths between the acoustic transmitters and receivers, represent
line-averaged vel ocities. Thisleadsto low-passfiltering, so that the high frequency
turbulence is suppressed in the record, as discussed e.g., by Horst (1973), Kaimal
et a. (1968) and Kristensen and Fitzjerrald (1984). Kaimal (1986) recommend-
ed use of sonics only above the minimum measuring height z = 8xl, with [ the
transmitter-receiver path length.

We will focus mainly on the influence of spatial averaging on the second
moments of the turbulence. In Section 2 the theoretical background, based on the
use of aspectrum model, is presented. Section 3 gives an overview of results from
measurements, where sonic systems were used simultaneously at different heights
close to the surface. For this purpose data from flat and homogeneous upwind
surfaces under rather stationary atmospheric conditions are utilized, in order to
avoid contamination of the data by arbitrary local surface structures. We find that
the usable height range can be significantly extended below the above mentioned
limit, at least under near neutral and unstable conditions. For the most affected
quantity, the vertical wind fluctuations, a correction scheme is suggested. In the
Appendix the analytical evaluation of the variance error equation is presented.

2. Theoretical Background

According to Kaimal et al. (1968), the variance of the vertical wind component is
expressed by the integral over the one-dimensional spectral density

uzz = /OOO S33(k1)dk1 D
with
Sxa(kr) = [ - [ ™ Dg(k) dkp dis, @)

Here, ®33(k) is a component of the spectral density tensor, k1 is the horizontal
wave number parallel to the mean flow, which can be derived from measurements
at a fixed point using the Taylor hypothesis, £, and k3 are the cross-stream and
vertical wave numbers respectively. As a consequence of spatial filtering of the
measured data one actually obtains averaged values, expressed by

U3z = /o Sz3(k1)dk1. 3
Kaimal et al. (1968) derived atransfer function T53(k1)
Sa3(k1) = T33(k1)Ss3(k1), (4)
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Figure 1. Transfer function 733 as a function of wave number k& and sonic path length . The
approximation of the function (see text) isindicated by the triangles.

which relates §33(k1) to the real value Ss3(k1) for avertically oriented measuring
path. Here, the assumption of isotropic turbulence is made and a spatial averaging
effect is assumed to be significant in the inertial subrange of the velocity variance
spectrum. The sonic data discussed in this paper are not derived from a vertically
oriented path, but rather by combining the components measured on 3 paths with
45° inclination and an azimuth angle of 120°.

Although no transfer function has been published for this configuration, we will
apply Equation (4) at least for small corrections. In order to obtain ssimple algebraic
expressions for the correction of @33, we approximate the transfer function by

1

T33 = m ©)

where k = k1, [ isthe sonic path length, 5 and v are numerical constants. Figure
1 shows the original transfer function 73 for a vertical sonic cross-probe and the
above suggested approximation, according to Equation (5), with g = 0.0272 and
v=7/3.

The variance spectrum of the vertical wind component is approximated by the
function

Ak?

Sa3(k) = A+ BRyS/E (6)
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where s is the slope of the spectrum at the lower frequency range, A and B are
constants that depend on atmospheric conditions. This form of the spectrum is a
particular case of a more general expression, presented by Olesen et a. (1984).
Such spectra are characterized by a high-frequency slope of —5/3 on a log-log
plot, resulting from Kolmogoroff’'s law for the inertial subrange. Values of the
low-frequency slope s, reported in the literature, vary significantly. Kaimal et al.
(1972) and Olesen et al. (1984) found a value close to zero. From data of Garratt
(1972) a slope of about —2/3 can be derived. Kader and Yaglom (1991) found s to
be closeto —1. By insertion of the transfer function T3z and the variance spectrum
S33 into Equation (3) we can express the measured variance by

00 k3dk
g = A / . 7
Y8 =2 )0 (L + BR)SAs(1+ Bik)” )
This variance has to be compared with the true variance
o0 k3dk
= A S — 8
uzs /0 TR &)
As aresult, the relative error of the measured value can be derived
A= Uu33 — u33. (9)

U33

To estimate A, the following form of the power spectrum is used (e.g., Olesen et
a., 1984; Panofsky and Dutton, 1984)

Pm

where n is the frequency, f is the reduced frequency, f = nz/U, U is the mean
wind speed and u,. isthe friction velocity. Based on criteria formulated by Olesen
et al. (1984), we choose the constants Ag and By as depending on the position f;;,,
of the spectral maximum, observed for neutral conditions, and on the slope s. From
this, it follows that

nSxm(n)  Ao(f/dm)*t? de \ 23
= oot ) 1o

4 5/3 3(8+1)
Ag==CoB3™® By = , Co=
0= 3C0Bg 0 Y 0

where k = 0.4 isthe von Karman's constant, and o1 is a universal constant; from
various experiments a value of 0.5 is used (Kaimal et al., 1972). Values of f,,,,
reported in the literature, vary from 0.25 to 0.55. Based upon data from the Kansas
and Minnesota experiments, Olesen et al. (1984) used f,,,, = 0.35and s = 0, by
which followed that A9 = 4.6 and By = 4.3. In the following section we will use

a1
(2mk)2/3’

(11)
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varying parameters s and f,,,, which we derive from the observed power spectra
for various experiments.

The function ¢,,, in Equation (10) is the dimensionless vertical wind shear,
which depends on the atmospheric stability

0.37 forz/L < —3.6
¢m(z/L) = { (1—15z/L)"Y* for —3.6 < z/L < 0, (12)
1+4.7z/L forz/L >0

where z isthe measuring height and L is the Obukhov length, determined with the
friction velocity u., temperature 7' and the covariance (u37") measured with the
sonic systems

where g is the acceleration of gravity.
For the dimensionless dissipation rate ¢. an expression from Panofsky and
Dutton (1984) isused

z
Pe =bm — T (14)

Sincek = 27n/U = 2r f /z, Equation (10) is related to (6) with

z >5+1 ( be )2/3 B Boz  3(s+ 1)z

_ 2 re _
A = Agu? ( S o : (15)

T 2rpm | Anfm
where [, = finn®m. From (9) the following correction function for the measured
variance of the vertical wind component can be derived

U33—meas.
U33—corr. = ?fT (16)

Therelative error A of the measured variance can be derived by numerical integra-
tion of the measured power spectrum and thetransfer function T33. Another method
todetermine A, andto investigateits dependenceon the environmental and spectral
parameters, is to find an analytical solution of the integrals (7) and (8). The inte-
gration is not simple and straightforward and requires the use of gammaand Gauss
functions. The procedure, including a general presentation of the dependences, is
given in Appendix A. For the case where the quotient of the measuring height z
and the sonic path length [ is much greater than unity the equation simplifiesto

z

A = —CyHy(s, ) <7> R (17)
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Figure 2. Thevariance error A asafunction of two sonic path lengths and of the peak frequency n., .

where the constant C'; = 1.586 reflects the effect of spatial filtering and H1 deter-
mines the dependence of the variance error on the spectrum parameters s and .,
In Figure 2 an exampleis presented that showsthe dependence of A on two typical
sonic path lengths (0.2 and 0.4 m) and on the peak frequency n.,,, of the spectrum
of the vertical wind component. Here, a measuring height of 5 m, near neutral
stability, amoderate wind velocity of 5 m s, afriction velocity of 0.2 m s~ and
amean low frequency slope of the vertical wind spectrum of —0.66 are assumed.
The frequency range between 0.1 and 0.5 Hz is, corresponding to our sonic mea-
surements, typical for n,,, in this height range and stabilities from unstableto stable
stratifications. Here, A varies by afactor of about 2.4.

Transfer functionsfor the variances of the horizontal wind components (Kaimal
et al., 1968) can also be approximated by asimilar function (5) withv = 7/3and 5
equal to 0.0524 for w17 and 0.0438 for ux». Spectral modelsfor these quantities are
given by Kaimal et al. (1972) and have a similar form as our Equation (10). From
this, it followsthat our analysis, if needed, could easily be extended to the horizontal
wind components. Transfer functions for the turbulent fluxes, however, are not
published to our knowledge. On the other hand, it isknown that contributionsto the
covariancesin the high frequency range (> 2 Hz) are negligible and corresponding
peak frequencies are, in comparison to the vertical wind component, shifted to the
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lower end of the spectrum. This means that the sonic filter effect should be very
small, even for measurements close to the ground.

3. Sonic Measurements

Four experiments with high-resolution sonic measurements were used to apply
the approximations, presented in the previous section. The measuring conditions
were characterized by smooth and homogeneous surfaces and stationarity of the
meteorological conditions. The roughness lengths of the surfaces at the different
sites, derived from our turbulence measurements, were small with values between
0.01 and 0.3 mm. The measurements, presented bel ow, were sel ected with regard to
homogeneity of the sites, stationarity of the conditions and to the range of stability
from unstable to stable stratification. For three of the experiments, simultaneous
high resolution turbulence measurements at at least two different heights were
available. A short description of the experimentsis given below.

ARCTIC: Four USAT-3 instruments (! = 0.4 m) were exposed at the heights of 4,
6, 8, 20 m at ameteorol ogical mast on the bow crane of the German research vessel
Polar Stern (PS). The measurements were conducted in the Fram Strait within a 2
km wide polynya, covered with athin new ice layer of about 5 cm thickness. The
stratification of the near-surface air was unstable. A description of the site and the
measurementsis given by Wamser and Lykossov (1996).

ANTARCTIC: A Kaijo Denki (DAT 300) sensor was installed on the vessel PS at
14.7 m above the sea-ice in the Atka Bight, close to the Antarctic shelf ice of the
Weddell Sea. The seaice cover was very smooth and snow drift from the coast was
observed. The surface layer was stably stratified. Details of the measurements are
presented by Lykossov and Wamser (1995).

NORTH SEA (measuring intervals I-1V): At the beach of the North Sea two
instruments of the type USA-1 (I = 0.18 m) and USAT-3 (I = 0.4 m) were exposed
at 1.7 and 3.0 m, respectively. The upwind fetch of about 300 m was very flat
and homogeneous. Sand drift close to the surface was observed during two of the
four measuring intervals. The vertical density distribution in the surface layer was
continuously unstable. Measurements were taken for about one hour in each case.

WESER (measuring intervals I-1V): During afield study over the tidal flats of the
river Weser four USAT-3 systems were applied in the height range 1.4 to 3.5 m,
above the surface. No obstacles were present at the moist surface, even at large
upstream distances. The static stability of the surfacelayer ranged from near neutral
to slightly unstable. Some grossinformation on the observational conditionsduring
the four field studiesislisted in Tablel.
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Tablel
Mean meteorological conditions: Monin-Obukhov stability parameter
1/L, wind velocity U, measuring height z and path lengths [ of sonic
instruments, used in this paper

1/L U z l
EXPERIMENT  (m™?%) (ms™Y  (m) (m)
ARCTIC -00196 57 4,6,8,20 04
ANTARCTIC 0.0022 159 14.7 0.2
NORTH SEA-| —00462 6.4 17,30 0.18,04
NORTH SEA-Il  —0.0202 6.9 17,30 0.18,04
NORTH SEA-IIl  —0.0185 7.4 17,30 0.18,04
NORTH-SEAIV —0.0064 8.4 17,30 0.18,04
WESER-I 00021 45 1.4,3.0 0.4
WESER-| —00016 41 14,30 0.4
WESER-I1I —00152 38 14,35 0.4
WESER-IV —0.0265 32 14,35 0.4

Spectral parameters, such as the peak frequency and the spectral slope in the
low-frequency range, are needed to apply the correction procedure, givenin Section
2 and in the Appendix. Smoothed variance spectra of the kind shown in Figure
3 (experiment ARCTIC) are determined through Fast Fourier Transformation of
the detrended series. The spectral range, with the Nyquist frequency of 8.5 Hz at
the high frequency limit, depends on the number of lags. In this case the spectra
were determined over 42 intervals of 2048 data points each. This procedure leads
to alowest frequency of 0.008 Hz and results in high significance of the spectra.
The positions of the spectral maximan,,, areindicated by the arrows and show the
expected shift to lower frequencies with height. The low frequency slopes of the
spectraare similar in the four height ranges, having a mean value of —0.75.

A comparison between measured and approximated variance spectrais shown
in Figure 4. The dots are the measured, and the circles the modelled, spectraon a
log-og plot. The data are presented corresponding to Equation (10), normalized
by the frequency n and by (¢ /¢ )%/ 3. Thereis excellent agreement. In theinertial
subrange the spectra are close to the expected —5/3 slope. Small deviations from
this law, especially pronounced close to the ground, could possibly be due to two
opposite effects viz, the attenuation of the contributions in the high frequency
range by path-length-averaging and the well-known enhancement by aliasing. The
low-frequency rangeis characterized by a nearly constant —3/4 slope.

Table Il shows the results of the four experiments, consisting of 10 runs. Here
are given the quantities, which are needed to cal cul ate the function A and to correct
the observed uss-variances. The data comprise the height range 1.4 to 20 m, wind
speeds, and stabilities from unstable to stable. Our data, presented here from very
different sites, show remarkably small scatter of the slope s, with a mean value of
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Figure 3. Variance spectra of the vertical wind component, measured at 4 heights above the seaice
surface (experiment ARCTIC).

—0.63 + 0.11. It is obvious from the Table that the error A varies with measuring
height and sonic path length. The greatest differences, of more than 10%, arise
during the experiment WESER, where sonic systems with [ = 0.4 m were used
close to the ground.

Figure 5 summarizes the results of the variance error A for the vertical wind
component as function of the ratio of the geometric parameters z and (. It is seen,
that the slope of the regression line on thelog-log plot iscloseto —2/3. Thisagrees
with the analytical prediction, presented in Appendix A. The scatter of the data
points is due to the influence of stability and other environmental characteristics.
Most of the commercially available sonic systems use path lengths between 0.1
and 0.4 m. Our analysis shows, that the output data of these instruments need to be
corrected, when measurements are taken close to the earth’s surface.

From theoretical considerations and recent observations there seems to be no
critical height limitation for sonic measurements, from which the variances u11,
ug2 and turbulent fluxes are to be derived (Kristensen and Fitzjarrald, 1984). This
conclusion goes along with observational facts that the peaks of the u- and v-
spectralie at significantly lower wave numbers k than those of the vertical wind
component. An example of variance spectra of the horizontal wind components
and cospectra of momentum and sensible heat fluxes, measured at 3, 6 and 8 m
abovethe searice surface during the experiment ARCTIC, is portrayed in Figure 6.
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Figure4. Measured (crosses) and approximated (dots) variance spectraof thevertical wind component
(experiment ARCTIC).

In comparison to the vertical wind compoment there is a clear shift of the spectral
maximum to lower frequencies close to about 0.02 Hz in this case. Kaimal et al.
(2972) found for near neutral stability the following relationship for the normalized
peak frequencies f,,

(fm)w = 5(fm)u = 2(fm)o-

Even in stable situations the total variancesu1; and u2» have their major contribu-
tionsin thelow frequency range of the spectrum (Bush, 1973). Similar behaviour is
found for the cospectraof (u1ug) and (upusz). At high frequenciesthe turbulenceis
more or lessisotropic, so that these wave numbers do not contribute to the turbulent
transport of momentum. Therefore it seems plausible to expect not such a clear
height limitation as for the vertical wind component.

4. Concluding Remarks

The effect of path line averaging on the measurement of the second moments
of turbulence in the surface layer has been investigated. For the most affected
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variable, the variance of the vertical wind component u33, @ maximum attenuation
of A = 15 % has been found very close to the surface, and a stability dependent
correction has been suggested. This attenuation occured at the lowest measuring
height of z =~ 4l, where is the transmitter-receiver path length. For other second
moments containing horizontal wind components or for the vertical sensible heat
and momentum fluxes the attenuation is expected to be much smaller, so that no
correction is required. From this we conclude that Kaimal’s recommendation of
a minimum measuring height z = 8=l can be significantly relaxed, at least for
unstable to slightly stable conditions, as prevailed in the field tests reported here.
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Tablell

Environmental and spectral quantities for 4 experiments. Names of experiments are abbreviated. The last
two columns give the measured and corrected variances of the vertical wind component

l z z/L U U Nm 8 A U33m U33e

EXP m m ms?! ms?! s? % m?’s2 mls?

ARC. 040 40 -0078 564 0212 062 -079 —71 0.039% 0.0426
040 6.0 -0128 583 0215 034 -077 51 00511 0.0539
040 80 -0163 59 0214 020 -074 -39 0.0542 0.0564
040 200 -0342 638 0212 009 -071 —-24 00610 0.0625
ANT. 020 147 0032 1588 048 020 -059 —-16 03758 0.3817

N.S.-I 018 17 -0102 6.09 0184 098 -093 —38 0069 0.0726
040 30 -0097 668 0234 050 -063 —6.7 00722 0.0774
N.S-II 018 17 -0.033 654 0266 090 -057 —-62 00841 0.0896
040 30 -0063 719 0260 055 -060 —-69 0.0874 0.0938
N.S-lIIl 018 17 -0.033 704 0263 120 -055 —-71 00904 0.0973

040 30 -0052 774 0280 062 —-055 —72 00956 0.1030
N.S-IV 018 17 -0011 791 0311 130 -055 —-69 01069 0.1148
040 30 -0020 881 0310 08 -060 —-7.6 01110 0.1201

W.-I 040 14 -0003 434 0171 09 -070 -11.3 0.0208 0.0234
040 30 -0007 471 0147 060 -043 —-98 0.0213 0.0236
W.-II 040 14 -0003 392 0141 130 -058 —152 0.0169 0.0199
040 30 -0004 425 0155 070 -055 —-10.7 0.0243 0.0272
W.-I11 040 14 -0022 360 0119 09 -055 -—-141 00135 0.0157

040 35 0050 392 0127 055 -0.60 —-9.7 0.0187 0.0207
W.-IV 040 14 -003% 305 0121 090 -063 —-139 0.0125 0.0145
040 35 -0098 326 0120 045 -0.65 —-92 00134 0.0148

for financial support (Grant 95-05-14172). This paper is the contribution number
1024 of the Alfred Wegener Institute for Polar and Marine Research.

Appendix A. Analytical Evaluation of the Relative Error A

Corresponding to Equation (7), the measured variance 33 is expressed by

. /oo ks dk
8= (1+ BB (1+ flk)”’

(18)

from which follows, for s > —1,

lizg = BS+1B(V +2/3,s+ 1)2F(v,s+1,s+v+5/3;1-pl/B). (19)
Here, B(z,y) = I'(z)I'(y)/I'(z + y) is the beta function, I'(z) is the gamma

function, and 2Fi(a, b; c; x) is the Gauss hypergeometric function. In order to
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derive apractical form of @33, we use the following identity (e.g., Gradshteyn and
Ryzhik, 1980)

I'(c—a—10)
(c—a)l'(c—10)

2F1(a,b; ¢ x) :I‘(C)[F 2F1(a,b;a+b—c+11—1x)

c—a—br(a +b— C)

(@) 2Fi(c—a,c—bjc—a—b+1;1—1)]. (20)

+(1—=x)
The function 2F(a, b; ¢; ) can be represented by a hypergeometric series

I'(c) =Tl+n)l(b+n) ,
2 I'(c+ n)n! ’ (21)

2F1(a,bciz) =1+

which terminates when g or b are equal to anegative integer or to zero. Otherwise,
it absolutely convergesat |z| < lif ¢ # —m (m =0, 1, 2,...).

For 51/ B << 1, only thefirst two terms of the corresponding hypergeometric
series need to be used. It is shown by our sonic measurements that this assumption
generally holds. By applying (20), we then obtain from (19)

Bl A
E Bst+1

iz =B(2/3,s+1) |1+ 3v(s+1)
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Figure 6. Examples of variance spectra of the horizontal wind components and cospectra of the
sensible (upper) and momentum (lower) heat fluxes, measured at 4 m (crosses), 6 m (closed circles)
and 8 m (triangles) above the sea-ice surface (experiment ARCTIC).

s (5) (303035

Assuming that in Equation (19) the filter parameters 5 = v = 0, one can also
derive the following expression for the true variance uzs3

A

Bstl’ (22)

A
By comparing (22) and (23), we find the relative error of the measured variance

U3z — U3z
u33

GG

+3v(s + 1)% (24)

A =
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It is obvious from Equation (24) that the relative error of the measured variance
does not depend on the constant A, but is dependent on the value of the constant B
which, corresponding to Equation (15), is proportional to z. It is also seen that the
slope of the spectrum at the lower frequency range influencesto a certain extent the
magnitude of the variance error. By insertion of B from Equation (15) into (24),
therelative error of the measured variance reads

A = —CiHy(s, f) (;) it ottt ) (;) _1]
+Csfom (%) - (25)
where
C1= % (?)z/g, Cr= ? <u+ %) . Cs=4npr,
Ha(s, fn) = B(2/3,13 +1) (sTl)Z/g’ Hals, fm) = % (20)
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Here, the constants C1, C> and C3 reflect the effect of spatia filtering. Since
v =7/3and 3 = 0.0272, it followsthat C; = 1.586, C>; = 0.205and C3 = 0.798.
Thefunctions H1(s, f,,) and Ha(s, f,,) show the dependence of the variance error
A on the spectrum parameters. However, it is seen from Equation (25) that the
major factor influencing the value of A istheratio of the measuring height z to the
sonic path length [. It is quite natural that thefiltering effect is negligiblewhen z is
large or [ issmall. For z /I >> 1, Equation (25) can be simplified as follows

-2/3
A = —C1Hu(s, ) (;) . (27)
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