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ABSTRACT

The accuracy of wind measurements in icing conditions is discussed, and wind tunnel calibrations as well as
field comparisons are presented for three heated anemometers that use different measuring principles. It is pointed
out that ice-free anemometer calibrations, including those provided by manufacturers, are affected by the blockage
effect in wind tunnels that are too small. Some anemometers that measure correctly in a wind tunnel give
erroneous results in the field. Overall, measuring mean wind speeds and peak values in icing conditions with
the accuracy of about 5% seems possible with the present technol ogy, both with rotational and sonic anemometers,
but in the most severe environments only some internally heated rotational anemometers are reliable. Wind
measurements in icing conditions without due consideration of anemometer selection, specific instrument prob-
lems, calibration inaccuracies, mean vertical velocity component, and anti-icing of the supporting structures may

result in very big errors.

1. Introduction

Wind speed needs to be measured also in environ-
ments prone to icing caused by cloud droplets or freez-
ing precipitation. In fact, in colder areas of the world
many man-made structures that are especially vulner-
able to high winds or require accurate wind data for
other reasons, are typically located at such ice-prone
sites. These include transmission towers, wind turbines,
and overhead power lines, which are typically located
at hilly and mountainous sites where in-cloud icing is
freguent. Such conditions make accurate meteorol ogical
measurements demanding (e.g., Strangeways 1981),
particularly in regard to wind speed. Similar measure-
ment problems occur aso in low lands after freezing
rain events and when characterizing the atmospheric
boundary layer by measuring the wind profile from tall
towers (e.g. Klinov 1978), the top of which may ocas-
sionally penetrate into icing clouds.

Conventional cup anemometers are generally consid-
ered quite reliable, as pointed out in the recent review
by Kristensen (1998). This positive view, however, is
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not shared by the users operating in cold environments.
Once iced up, a conventional cup anemometer shows
incorrect values, very often zero winds, and is easely
broken up by accreted ice and the related wind forces.

Thus, until recently, accurate wind measurements in
a severe icing environment were not possible at all due
to icing of the anemometers. Some robust on-site so-
lutions were consequently developed, as shown in Figs.
1 and 2. While these trials were justified at the time as
the only meansto collect any data, severe problemswere
involved. For example, it is apparent in Fig. 1 that the
heating system has been insufficient to prevent icing,
and in Fig. 2 it is clear that the configuration used is
not aerodynamically optimal.

Today, various “‘ice-free’” anemometers based on dif-
ferent measuring principles are available. Most of these
instruments utilize anti-icing of the anemometer by heat-
ing. Some of such anemometers include heating of the
bearings and connections only. This heating melts the
ice condensed inside the instrument and may be suffi-
cient to quarantee operation at lowland weather stations.
However, in hilly or mountainous areas, such a heating
is insufficient to prevent in-cloud icing on the external
surfaces of the anemometers, even when using addi-
tional external heating (see Fig. 1). Therefore, such an-
emometers are not considered here. We only discuss
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Fic. 1. Early attempt to anti-ice a cup anemometer using a 750-W infrared lamp. Photo is
from 1983 at our test site on Yllas, Finland.

anemometers that include anti-icing of all the essential
instrument components, such as the cups, vanes, and
sensor heads.

Already now, the use of heated anemometers hasthor-
oughly changed the view of the wind conditionsin many
elevated cold areas. For example, in hilly areas of north-
ern Europe a wind potential sufficient for large-scale
development of wind energy has been thus revealed. A
persistent temperature inversion in wintertime causes
very low wind speeds in the lowlands of these areas. It
was generally thought that the wind speeds in the winter
were low at high altitudes as well, considering that the

few measurements on the hills showed that to be the
case. Upon utilizing anti-iced anemometers on the hills,
it turned out that the conventional anemometers had
measured mostly zero wind speeds, only because they
were iced up.

Inspite of these recent developments, the knowledge
of the true wind speeds in areas prone to icing is still
inadequate due to problems of poor reliability of the
measurements. The heated anemometers are quite new
and most have not yet been tested in the hardest envi-
ronmental conditions. Also, already calibration of con-
ventional anemometers involves significant inaccura-

FiG. 2. Cup anemometer heated by a *‘frying pan” heater. Photo is from the icing research
station in Studnice, Czech Republic.
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cies. Makkonen and Helle (1994) found that manufac-
turers' calibration constants of cup anemometersinclude
large errors and that for many anemometers a nonlinear
calibration equation should be used instead of the con-
ventional linear form. In addition, some of the anti-iced
anemometers are so different from conventional ane-
mometers that their calibration procedures have to be
adjusted, and this may introduce other types of errors.
In this paper, we discuss these problems and present
wind tunnel calibrations and field comparisons for three
anti-iced anemometes that use measuring principles dif-
ferent from each other.

2. Heated anemometers
a. Rotational anemometers

The most common instrument to measure wind speed
is a rotational anemometer. The rotation is initiated by
wind drag on cups, vanes, or propeller blades. Today,
there are several types of rotational anemometers avail-
able that include heating of the shaft and the vane cups
with a power potentially sufficient to prevent atmo-
spheric icing. These include NRG Systems Ice Free |1
(Kenyon and Blittersdorf 1992), Vaisala Inc. WAA25
(Aspola 1994) and WAA252, Thies Clima SK565, and
Hydro-Tech WS-3, which are also accompanied by a
heated wind direction vane. The heating power of these
instruments varies between 70 and 1500 W and is ther-
mostatically controlled. Out of these anti-iced rotational
anemometers we have chosen the Hydro-Tech WS-3
(and the accompaning wind vane Hydro-Tech WD-3)
for this calibration and intercomparison study. This is
because Hydro-Tech was a pioneer in this field, for
which reason we have over 14 years of experience of
the use of the Hydro-Tech WS-3 in the severe icing
climate of our test station.

The Hydro-Tech WS-3 anemometer is a disk rotor
0.203 m in diameter and 0.083 m in height with six cup
vanes welded on the disk. The vane cups are half-cyl-
inders with a 0.038-m radius and 0.05-m length. The
material is aluminum and the weight of the rotating
assembly is 1.0 kg. The anemometer and the wind vane
are both equipped with a 1500-W internal electrical
heater. The heater is supported on a plate fastened to
the body of the anemometer. A temperature sensor is
located in the air space just below the rotor and is con-
nected to an automatic power controller. The sensor can
be seen in Figs. 5 and 6.

The Hydro-Tech anemometer used in this study is of
the type where the original tachometer has been replaced
by electronics, which give an output frequency propor-
tional to the rotating speed. Hydro-Tech WS-3 ane-
mometers have been used at our test site from January
1986. Prior to this, other tested anemometers were not
only iced up, but often lost their cups or were otherwise
broken. In spite of this severe environment no mechan-
ical failures of the Hydro-Tech anemometers have oc-
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curred, and icing on the devices has been observed only
in the few events where the heating system has failed,
for example, due to damage by lightning.

On the other hand, the potential problems with the
Hydro-Tech anemometer are also related to its sturdy
design. The distance constant is 58 m and the threshold
wind speed is 2.2 m s (Lockhart 1987). The high
distance constant could theoretically result in over-
speeding in areal turbulent flow (Busch and Kristensen
1976; Kaganov and Yaglom 1976). Also the sensitivity
of the output to nonhorizontal flow, that is, the off-axis
response, of the Hydro-Tech WS-3 is high (Lockhart
1987). This could result in systematic errors particularly
at sites where the wind vector has a significant vertical
mean component due to the shape of the terrain.

b. Pressure sensing anemometers

Because the cup vanes of rotational anemometers are
vulnerableto icing, some manufacturers have devel oped
so-called solid-state anemometers. These include no ex-
ternal moving parts, which makes them mechanically
stronger and easier to anti-ice than a rotating assembly.
A Franklin Engineering Co. device (Franklin and Howe
1991) includes a cylinder that measures the wind drag.
The device is pneumatically de-iced by two rubber
boots. An anemometer based on the same principle has
been developed for an entirely pneumatically de-iced
weather station (Strangeways and Hudson 1991). A Me-
trex ice-free anemometer (Krishnasamy and Motycka
1991; Pon and Kastelein 1997) also measures the wind
pressure on a drag sphere on top of avertical shaft. This
device is internally heated to prevent icing. Environ-
mental Instruments Model 200 wind probe (Bates and
Govoni 1984) includes two static pair heated resistive
sensing elements mechanically supported at right angles
and an electrically heated cage to melt ice. The Rose-
mount solid state anemometer measures the air impact
pressure through small holes on a heated cylindrical
sensor probe. Out of these pressure sensing anemom-
eterswe have selected the Rosemount solid state 1774W
for our tests simply because it was most readily available
to us being lended for the tests by the manufacturer.

The Rosemount solid state 1774W anemometer mea-
sures wind impact pressures along two horizontal axis.
The wind vector components cal culated from the differ-
ential pressure measured through small holes on the sides
of the cylindrical probe are then used to determine the
resultant scalar wind speed and wind direction. The sens-
ing probeisa0.355-m-ong vertically oriented tube with
the diameter of 0.03 m. The weight of the probe is 5.7
kg, and it is internally heated at the 370-W power at
maximum. The instrument is precalibrated at the factory.
The Rosemount anemometer can be seen in Fig. 5.

c. Sonic anemometers

Sonic anemometers are based on measuring either in
two or three dimensions the time required by ultrasonic
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TABLE 1. Measurement range and accuracy of the parameters for
determining the calibration reference velocity in the VTT wind tunnel.
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TABLE 2. Measurement error of the reference wind velocity Ur in
the VTT wind tunnel.

Quantity Range Accuracy Ur (ms™) Error
Kinetic pressure 0-10 kPa 0.01 Pa + 0.08% 0.5 3.48%
Barometric pressure 80-106 kPa 0.04 kPa 1 1.03%
Temperature —20° to +80°C 0.2°C 25 0.33%
Relative humidity 0%—-100% 1% RH 5 0.23%

75 0.21%
10 0.21%
25 0.20%

pulses to travel from a transmitter to areceiver. A sonic
anemometer is expected to measure correctly also in
icing conditions provided that the ray paths are not ob-
structed by accreted ice. The cloudy conditions, as such,
do not seem to affect the behavior of asonic anemometer
(Siebert and Teichmann 2000). Several manufacturers,
Gill Instruments, Theodore Friedrich, Vaisalalnc., Me-
tek, and Handar provide sonic anemometers with heat-
ing of the transmitter and receiver sensor heads. Out of
these we have chosen the Metek USA-1 anemometer
for our tests, because we wanted to measure in three
dimensions in order to study the off-axis response of
other anemometers, and because the Metek includesthe
highest heating power of the available heated 3D sonic
anemometers.

The Metek USA-1 anemometer uses ultrasonic pulses
along three noncomplanar ray paths to measure wind
speed and direction, or alternatively the three orthogonal
wind components, y, z. The distance between the trans-
mitters and receivers, that is, the length of the ray paths
is 0.175 m. The weight of this anemometer is 2.3 kg.
The Metek has no moving parts and its surface area is
small. These properties make it an attractive option in
an icing environment. Also, this anemometer has the-
oretically no thresold wind speed and no off-axis re-
sponse, because the measurement is acoustic and isdone
in three dimensions. The device used in our study has
internal electric sensor heating on each of the six sensor
heads with a total heating power of 50 W.

We had no experience of the accuracy, rigidity, or
anti-icing capability of the Metek anemometer prior to
this study. The device we used was precalibrated at the
factory. In the case of acoustic sensors of this type the
calibration procedure is essentially to determine the
length of the ray path. The sensor also includes an on-
site calibration routine that uses measured ray path
lengths as input. The Metek anemometer is shown in
Figs. 6 and 7.

3. Calibrations
a. The wind tunnel and calibration procedures

The anemometer calibrations were made in the VTT
closed-circuit wind tunnel, which has a test section 2.5
m wide, 1.5 m high, and 12 m long. The highest at-
tainable reference velocity in the tunnel is about 25 m
s~1. The reference velocity Ur in the test section is
determined by measuring the dynamic pressure p of the
airflow and using the Bernoulli equation,

Ur = (2p/r)o°s, D

where r is the air density. The air density, barometric
pressure, temperature, and humidity in the wind tunnel
are measured with errors shown in Table 1, and trans-
ferred into a PC, so that the instantaneous reference
wind speed can directly be used during the calibration.
The error of the reference velocity, based on the un-
certainty calculation using the values of Table 1, is
shown in Table 2. The data collection system has a
sampling rate of 10 kHz.

The calibration procedures were according to the
American Society for Testing and Materials standard
(ASTM 1990). The standard sets the calibration interval
in terms of determining the linear calibration constant
to be from 0.1 to 0.5 times the maximum application
range of the anemometer. Accordingly the linear cali-
bration constant was determined for the speed interval
of about 5-25 m s 1.

The calibration constants were, following Lockhart
(1987), determined separately for the linear range
(speeds higher than a transition speed U1) and for the
nonlinear range (speeds higher than U1), so that

if a+ bR>Ul, thenU = a + bR
U =(@+bR —[a +DbIn(@a+bR], (2

where R is the rotation rate in hertz and U’ is the wind
tunnel speed in meters per second as predicted by the
calibration equation using the linear calibration con-
stants a and b and the nonlinear calibration constants
a’ and b'.

else

b. Calibration results

A complete calibration was made in our wind tunnel
for a Hydro-Tech WS-3 anemometer identical with the
one used in the field measurements. The results of the
calibration are

Ul=54ms1 a=0063ms?
b = 3236 m, a =069 ms? and
b’ = 0.416 m.

The favorable effect of applying a nonlinear calibration
at low speeds is demonstrated graphically in Fig. 3.
The original calibration constant b = 2.904 m has
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Fic. 3. Calibration error of Hydro-Tech WS-3 after applying the
correct linear calibration constant at all speeds (squares). Thetriangles
show the calibration error at low speeds after applying the nonlinear
calibration.

been provided by the manufacturer. Lockhart (1987) de-
termined the calibration of the Hydro-Tech WS-3in the
range of 10 ms* < U < 20 m s* and obtained a =
—0.010 m s * and b = 3.163 m. Lockhart (1987) aso
suggested UL = 81 mst a = 0.638ms? and b’
= 0.305 m to be used. Our calibration results to wind
speeds approximately 12% higher than those of the man-
ufacturer and 3% higher than those of Lockhart (1987).
We also tested the Hydro-Tech anemometers equipped
with three different rotors. One of these was the device
used in the field tests. The effect of varying the rotor
was less than 2% in the whole range of the wind speed.

The Rosemount solid state sensor was calibrated sim-
ilarly. The device was tested both having the heater on
and off. A small difference was found between these
cases, but overall the error in the wind speed was less
than 3% in both cases at all speeds. Thus, the factory
precalibration of the Rosemount solid state anemometer
was within the manufacturer’s specifications (error < 1
m s~1). The direction output was also within the spec-
ifications.

The calibration results of the Metek USA-1 in Fig. 4
show that, at one anemometer orientation, the precali-
brated sensor overestimated by 4.5%. An error of this
magnitude in manufacturer’s calibrations is a common
problem with anemometers (Makkonen and Helle 1994)
including those based on ultrasonic measurements (Pi-
nard 1998). When testing the Metek with the heating
on and off, the effect of the heating of the sensor with
the maximum power was found to be less than 1% in
the wind speed output.

An unexpected feature of the Metek device was ob-
served when rotated around its vertical axis. The in-
strument’s velocity output, at least in the laminar flow
of the wind tunnel, seems to be sensitive to the wind
direction. This caused variations of about 5% in the
velocity depending on the anemometer orientation. The
velocity appears to fluctuate with a period of 120° when
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Fic. 4. Metek anemometer wind speed vs wind tunnel reference
wind speed at wind direction of 0°.

rotated corresponding to the configuration of the device.
The mean of the calibration constants determined in the
wind tunnel for various directions was used in our final
calibration applied to our field comparisons. This re-
sulted in a constant —3.5% correction to the velocity
output of the Metek USA-1 sensor.

4. Field comparisons
a. Test arrangements and data analysis

The field measurements were made in northern Fin-
land at the Yllas broadcasting station. The station is
located at a hilltop extending some 460 m above the
surrounding terrain and 700 m above the sealevel. The
site is known for heavy ice and wind loads. The ob-
served extreme rime ice loads are up to 1700 kg m~*
on a tranmission tower and the maximun mean wind
speeds are of the order of 40 m s~ at the height of the
anemometers tested here. The station is manned and
equipped with outside video cameras, so that the ane-
mometer performance and data collection systems can
readily be monitored.

The Hydro-Tech WS-3/WD-3 anemometers at the test
site are a part of the ice and wind monitoring system
of the broadcasting tower. The wind speed measured by
the Hydro-Tech anemometer considered here is also
used in the analysis of the cloud liquid water content
and droplet size measurements performed at the site
(Makkonen 1992). This anemometer is installed on a
vertical steel tube on the roof of the transmitter building
4 m above the roof and 8 m above the ground level, as
seen in Fig. 5. Because the site is at a hilltop, the terrain
is very open in all directions (see Fig. 6).

The Rosemount solid state 1774W anemometer was
instaled at the same height for comparative measure-
ments during the period of 4 January—28 April 1995.
This anemometer is also shown in Fig. 5. The extra
heating cables added to prevent icing of the supporting



1462

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLUME 18

Fic. 5. Rosemount (left) and Hydro-Tech (right) anemometers at the field site. The supporting
boom of the Rosemount is pointing to the south. Note the added heating cables to prevent icing

of the supporting structures.

structures can be seen in Fig. 5 as well. Ten-minute
mean values and peak values measured by the anemom-
eters were recorded simultaneously once every 3 h. Al-
together 657 such measurements were recorded. The
Rosemount anemometer was programmed to send 1-s
mean values each second via the serial interface to the
measuring computer. The computer measured the output
of the Hydro-Tech anemometer 4 times per second.

Fic. 6. Hydro-Tech (upper left) and Metek (separate support) anemometers at the field site.

Thefield measurements using the Metek USA-1 sonic
anemometer were made during the period of 16 January
1997-3 April 1998. The Metek anemometer was in-
stalled at the same height as the Hydro-Tech anemom-
eter (see Fig. 6). The spacing of the two anemometers
was 2.0 m. Ten-minute mean values of both the ane-
mometers were recorded simultaneously once every 3
h. Altogether, there were 3521 of these such recordings.

The supporting boom of the Hydro-Tech points to the south. The instrument on the other boom
on the left is an Instrumar ice detector. The iced object at a lower level on the left is a 30-mm

diameter cylinder used as an ice collector.
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Fic. 7. lce on a Metek sonic anemometer at the test site. This
situation is atypical, but shows that sometimesicing of the instrument
occurs in spite of the heating.

The internal sampling frequency of the Metek was 10
Hz. Metek sent one second mean values to the mea-
suring computer. The Hydro-Tech data were recorded
as explained above.

For the comparisons of the Rosemount anemometer
measurements where the wind direction was 110°-320°
only were included in the analysis of the wind speed,
because for other directions the Hydro-Tech sensors and
the supporting structure may cause shadowing effects.
For the comparisons of the Metek the wind speed data
from the sector of 160°-190° were neglected for the
same reason. In order to avoid including cases where
the Hydro-Tech anemometer may have been stationary
due to its high thresold wind speed, data points for
which the lowest instantaneous wind speed, as measured
by the Hydro-Tech, was lower than 0.2 m s were
rejected. In al of the analysis of the field data the an-
emometer calibrations used were those determined in
our wind tunnel tests (section 3).

Out of all potential data for the comparison of the
Hydro-Tech and the Rosemount anemometers 71% were
available for the analysis. The recording system was
needed for other purposes 2% of the time, 4% of the
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Fic. 8. Rosemount mean wind speed vs Hydro-Tech mean wind
speed in the field measurements. Data are for 10-min mean values.

Rosemount data were excluded because of data transfer
errors, and 23% of the time the Rosemount was un-
operational because of jamming, probably due to a soft-
ware problem. In the comparison period between the
Hydro-Tech and Metek anemometers there were no data
lost by the Hydro-Tech. However, a complete 10-min
measurement from the Metek was recorded only in 49%
of the measurements. Part of the data from the Metek
was unavailable due to a problem in the commercial
serial to parallel interface converter used between Metek
and the computer, but mostly data was lost due to re-
jection based on the Metek’s internal data quality in-
dication.

The reason for the frequent low data quality as sig-
naled by the Metek is not clear to us, but may have
been related to icing of the sensor heads, which hap-
pened ocassionally, as seen in Fig. 7. Unfortunately, the
lost Metek data included all cases where the Hydro-
Tech showed wind speeds over 23 m s~*. Since high
wind speed were not measured by the Metek even at
temperatures above 0°C another possible error source
warrants attention. A directional sound signal is deflect-
ed by motion of air perpendicular to it, so that it may
be that strong enough signals from the Metek trans-
mitters never meet the receivers in very strong and tur-
bulent winds.

b. Results of the field tests

The results of the field comparison of the Hydro-Tech
WS-3 and the Rosemount solid state anemometers for
the 10-min mean wind speed are shown in Fig. 8. The
mean wind speed measured by the Rosemount sensor
was typically 30% lower than that measured by the Hy-
dro-Tech. The relative difference slightly increaseswith
increasing wind speed. Thelinear correlation coefficient
between the two mean wind speeds is 0.97.

The results of the field comparison of the Hydro-Tech
and the Metek sonic anemometers for the 10-min mean



1464

30

254 m

N
=]
1
1

UMETEK [m/s]
&
1
Xk
1

T T T T T T v T T T T
[} 5 10 15 20 25 30

UHVDHO-TECH [m/s]
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wind speed is shown in Fig. 9. The best-fit regression
equation for these data is U(Metek) = 0.804U(Hydro-
Tech) + 0.63 m s, thus showing a maximum differ-
ence of 17% at the highest recorded wind speeds. When
plotting the linear regression line through the origin, the
systematic difference is such that the Metek shows
13.5% lower wind speeds than the Hydro-Tech. The
linear correlation coefficient is 0.99 showing good sta-
tistical correspondence. The comparison of the Hydro-
Tech and Rosemount sensors for the maximum (gusts)
values is shown in Fig. 10. This shows results similar
to the mean wind speed in Fig. 8.

Figure 11 shows the comparison of the Hydro-Tech
and the Metek for the maximum values. When plotting
the regression line through the origin Metek shows 8.5%
lower gust speeds in the mean. However, it should be
noted that Fig. 11 does not include datawhere the M etek
quality check indicated poor data quality. The criterion
of data selection of the Metek instrument was set to be
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Fic. 10. Rosemount gust speed (1-s mean) vs Hydro-Tech gust
speed (recorded at 4 Hz).
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Fic. 11. Metek gust speed (1-s mean) vs Hydro-Tech gust speed
(recorded at 4 Hz).

such that points where less than 20% of the received
data strings included a message of low quality were
rejected. As mentioned above, these rejected data in-
cluded all cases where the Hydro-Tech showed mean
speeds over 23 m s—. Thus while the Metek seems to
measure gust speeds well, its general ability to measure
high wind speeds at all is uncertain based on these tests.

Figures 12 and 13 show the comparison of the two
anemometers for the turbulence intensity calculated as

| = u'/u, A3)

where U’ is the standard deviation of the measured in-
stantaneous wind speed valuesand U isthe 10-min mean
wind speed. The results for | show considerable scatter.
Thisis probably largely due to the high inertia, that is,
distance constant, of the Hydro-Tech anemometer.
The comparison of the Hydro-Tech and the Rose-
mount for the wind direction is shown in Fig. 14. The
correlation is good, and there is only about 2° mean
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Fic. 12. Rosemount turbulence intensity vs Hydro-Tech turbulence
intensity.
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Fic. 13. Metek turbulence intensity vs Hydro-Tech turbulence
intensity.

difference. It may be pointed out that the wind vane
installment alignment is accurate within about 3° in our
measurement arrangement. The wind direction outputs
of the Hydro-Tech and the Metek were in excellent
agreement as well, as seen in Fig. 15.

5. Discussion
a. Anemometer calibration accuracy

Our wind tunnel calibrations of the Hydro-Tech WS-
3 anemometer showed a significantly different linear
calibration constant compared to those given by the
manufacturer and by Lockhart (1987). This is most
probably related to the use of too small wind tunnels
in the previous calibrations. The anemometer calibration
error source in the previous tests is the blockage effect
when the cross section of the wind tunnel is small in
relation to the objects in it. The blockage readily be-
comes unacceptable with a robust device such as the
Hydro-Tech, which has an overall projection area of
about 0.05 m2. The ASTM anemometer calibration stan-
dard (ASTM 1990) limits the ratio of the cross-sectional
areas of the anemometer and the wind tunnel test section
to less than 5%. The calibrations by Lockhart (1987)
were about at this limit whereas in our calibrations the
blockage ratio was only 1.5%. Furthermore, the ASTM
standard may give too much allowance in this matter,
asthe velocity increase in awind tunnel dueto blockage
may be quite significant, of the order of 10%, even at
blockage ratios of only 5% according to the experiments
by Alexander and Holownia (1978). This velocity in-
crease may be attempted to be corrected in the results,
but the procedure is quite inaccurate and the uncertainty
increases with higher blockageratios (Farell et al. 1977).

That the manufacturers' calibration constants are in
error seems to be a more general problem, however.
Makkonen and Helle (1994) recalibrated nine different
rotational anemometers in the VTT wind tunnel and
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FiG. 14. Rosemount wind direction vs Hydro-Tech WD-3 wind
direction.

found that the manufacturers' calibrations resulted in
errors ranging from 0.1% to 22.7% at the wind speed
of 5 m s~* and from 0.7% to 10.5% at the wind speed
of 20 m s depending on the anemometer. While these
errors may be partly related to the blockage effect in
the manufacturers' calibrations, they are likely also due
to the nonlinearity of the true calibration curves and
deviations from the standard in manufacturers' calibra-
tion procedures.

The output of the Metek USA-1 anemometer precal-
ibrated by the manufacturer also differed from the true
wind tunnel speed. Our finding that the Metek velocity
output depends on the wind direction—that is, orien-
tation of the instrument in the wind tunnel—may not
be as serious a problem in the field, however. This is
because turbulence of the real wind would be likely to
reduce such a direction dependence of the mean wind
speed. Nevertheless, this problem warrants further stud-
ies. To this end, we postulated that the direction de-
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G. 15. Metek wind direction vs Hydro-Tech WD-3 wind
direction.
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pendence may be caused by echoes from the walls of
the wind tunnel, and made special tests to revea this
effect by locating the device at different positions from
the wind tunnel walls. These tests showed no significant
effect of the anemometer location suggesting that the
problem is a more fundamental one, and possibly in-
volves other sonic anemometers as well (see also Stur-
geon 1999).

b. Anemometer performance in the field

No specific problems showed up with the anemom-
eters in the wind tunnel calibrations apart from the
above-mentioned direction dependence of the Metek
and the apparent inaccuracy of the manufacturers' cal-
ibrations. However, in the field tests several problems
were revealed. Some of them, related to the data avail-
ability are mentioned in section 4a. Perhaps the most
puzzling of our findings was the systematic discrepancy
of the velocity outputs of the Hydro-Tech WS-3 and the
Rosemount solid state anemometers (Figs. 8 and 10).
Considering the good correspondence of the Hydro-
Tech and the Metek (Figs. 9 and 11), as well as the
previous successful field comparisons of the Hydro-
Tech with other anemometers in nonicing conditions
(Makkonen and Lehtonen 1994; Tammelin 1994), it is
apparent that the Rosemount anemometer systematically
underestimated the wind speeds by 30% in our field test.

The origin of this problem with the Rosemount an-
emometer, seen only in the field, but not in the wind
tunnel, is unknown to us. We plotted the ratio of the
wind speeds measured by the two sensors as a function
of air temperature, air pressure, calculated air density,
and wind direction. None of these showed any signifi-
cant correlation. It isinteresting to note here that avery
similar discrepancy has been found by Ozawa et al.
(1996) when comparing these two anemometers. Fur-
thermore, another solid-state anemometer (Metrex)
seems to have a very similar severe underprediction
problem (Krishnasamy and Motycka 1991). These re-
sults suggest the possibility of some unknown funda-
mental problem in the solid-state anemometry. We
therefore speculate on some other possible explanations
for the underprediction of the Rosemount in relation to
the Hydro-Tech in the following.

The response of the anemometers to turbulent wind
may be different from that in the laminar flow of the
wind tunnel. However, previous comparisons between
the Hydro-Tech and conventional cup anemometers in
nonicing field conditions (Makkonen and Lehtonen
1994; Tammelin 1994) gave no indication of such a
problem with the Hydro-Tech. Therefore, if the differ-
ence is due to turbulence, it must be related to the way
averaging is done by the Rosemount device. The Ro-
semount may also be sensitive to the low air tempera-
tures at the test site. However, our tests with the sensor
heating off and on do not indicate such a temperature
dependence. Another possible problem is the sensitivity
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to barometric pressure. We were unable to investigate
such an error source, but it is noteworthy that the mean
difference in the air pressure at our test site and in the
wind tunnel is about 10 kPa while the differential pres-
sures measured by the Rosemount are of the order of
0.2 kPa even at rather high speeds of 20 m s=*. Thus,
the sensor resolution may become low compared to the
changes in external pressures between locations at dif-
ferent altitudes. Yet another explanation is that the dif-
ference is related to the different off-axis response of
the anemometers, that is, errors caused by a nonhori-
zontal mean wind vector. This problem is discussed in
detail in section 5d below, where it is shown that the
off-axis response of the Hydro-Tech cannot explain the
observed 30% discrepancy. Finally, either of the ane-
mometers may ice up in spite of the heating. However,
such icing was not observed and our theoretical esti-
mates based on the icing heat balance (Makkonen 1984)
suggest that the heating power of the two anemometers
was sufficient for anti-icing under all test conditions.
Moreover, if icing was the cause of the problem, one
would expect more points close to the one to one line
in Fig. 8, since the data include nonicing conditions as
well. Also, if either of the sensor heating systems ocas-
sionally failed, there should be more zero readings than
appear to be the case.

As to the Hydro-Tech and the Metek USA-1 sonic
anemometers, a somewhat better agreement was found
in the field comparison (Figs. 9 and 11). The good cor-
relation of the outputs is encouraging regarding the re-
liability of both of the anemometers. The existing 13.5%
mean difference in the 10-min mean values in our com-
parison remains to be explained, however. Possibilities
for this include calibration problems of the Metek due
to the direction dependence mentioned above, icing of
the Metek even when it signals good data quality and
dynamic effects, such as the dynamic overspeeding and
the off-axis response of the Hydro-Tech.

Finally, Pedersen et al. (1991) have shown that some
anemometers are surprisingly sensitiveto thefine details
of the base of the instrument and to the dimensions and
orientation of the supporting boom. On this basis, the
dependence of the Metek output on the orientation in
the wind tunnel may be directly related to the aerody-
namics around the instrument, and the field comparison
may be hampered by the details of the anemometer in-
stallment. Furthermore, the findings of Pedersen et al.
(1991) point out how important it is to also anti-ice the
supporting structures, such as the anemometer boom, in
order to prevent the changes in their dimensions due to
accreted ice. To study the possibility that the heating
cables on the booms affected our field results, we made
additional wind tunnel calibrations both with and with-
out the heating cables using the Metek anemometer. The
result was that the effect of the cables on the output was
below the resolution of the calibrations.

That the wind directions shown by the Rosemount
Solid State and the Metek USA-1 are in excellent agree-
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ment with those shown by the Hydro-Tech WD-3 (Figs.
14 and 15) is encouraging regarding the measurements
in general. This is because the calculation of the Ro-
semount and the Metek wind direction angles is based
on the measurements of the wind velocity components,
so that one would expect an error in one of these com-
ponents or in the calculation software to be seen as an
error aso in the direction output. Since we did not find
such direction errors, it appears that the observed severe
underprediction of the wind speed by the Rosemount
anemometer is related to similar systematic errorsin all
directions.

Some software problems were present during thefield
tests as discussed in section 4a. For Metek, the most
significant problem was that especially high wind speed
datawere lost due to an internal quality check explained
above. Thereason for thisis unknown to us, but it could
be related to low sensitivity of the device at very high
speeds, more severeicing at high speeds, or to vibrations
of the instrument support and anemometer components
in high and turbulent winds.

No icing of the Hydro-Tech or the Rosemount ane-
mometers was observed in our tests in spite of frequent
severe icing conditions. This indicates that the heating
and its control functioned properly and that the heating
power of these anemometersis sufficient for these kinds
of conditions. The Metek anemometer’s sensor heads
iced up occasionally, as seen in Fig. 7. The heating was
on in these cases, so that the power supply to Metek
anemometer components should have been higher for
proper operation in these extreme conditions. The sen-
sitivity of the Metek output to ice on it remained some-
what unclear, because the device signaled poor data
quality in these cases, but also in many other cases in
which icing did not occur.

c. Turbulence effects

It is tempting to speculate that in the field the dif-
ferences in the outputs of well-calibrated anemometers
would be due to the turbulent nature of the natural wind.
This aspect has been recently reviewed by Kristensen
(1998). We investigated turbulence effects by plotting
the relative differences of various outputs of the three
anemometers as afunction of the turbulent intensity [Eq.
(3)] as determined from the measurements by the Metek
anemometer. This analysis did not reveal any clear de-
pendences on the output parameter differences on tur-
bulence intensity, which suggests that the sources of the
different outputsin the field are other than those related
to the difference in the flow characteristics in the wind
tunnel and in nature.

The reasonabl e greement of the outputs of the Hydro-
Tech and Metek (Figs. 9 and 11) anemometersindicates
that the dynamic overspeeding related to flow turbulence
(Kristensen 1998) is not a very severe problem in mea-
suring mean wind speeds and gust speeds by the Hydro-
Tech WS-3 in spite of its very high distance constant.
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the wind vector vertical angle as measured by the Metek. The curve
is a second-degree polynomial fit to the data.

d. Off-axis response

It is known from the wind tunnel experiments by
Lockhart (1987) that when the Hydro-Tech WS-3 istilt-
ed, that is, when the wind vector is nonhorizontal, large
errors appear. These off-axis errors are according to
L ockhart (1987) as high as 5% overspeeding at the wind
vertical angle of 1° and 25% at 5°. This would mean
that on hilltops, such as our test station, the off-axis
response may cause significant overspeeding of the Hy-
dro-Tech WS-3. Furthermore, the off-axis response of
the Hydro-Tech is nonsymmetric in such a way that for
negative angles (downwards flow) the error is much
smaller. Therefore, theoretically, in very turbulent flow
conditions off-axis errors may occur even if the mean
vertical wind angle is 0°.

We studied the off-axis response of the Hydro-Tech
WS-3 in the field by comparing its results with those
of the Metek sonic anemometer. Because the Metek
measures in three dimensions, it also measures the ver-
tical wind component and the vertical wind angle. Thus
we were able to plot the 10-min mean wind speed values
from the two instruments versus the mean vertical wind
angle. Thisis shown in Fig. 16. The results show that
the deviation of the Hydro-Tech output from that of the
Metek isindeed statistically related to the vertical wind
angle, but the scatter is high.

However, the apparent off-axis effect in Fig. 16 is
weaker than that expected for the Hydro-Tech based on
the wind tunnel experiments by Lockhart (1987). One
possible explanation for thisisthat the off-axisresponse
isweaker in natural flow than in the laminar flow in the
wind tunnel. As discussed above, the ratio of the mean
wind speed shown by these anemometers does not seem
to depend on the turbulence intensity, however. Thus,
it is more likely that Lockhart's (1987) off-axis results
were affected by wind tunnel blockage, which increases
with increasing anemometer tilt angle.
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We confirmed this conclusion by performing afurther
test series on the off-axis response of the Hydro-Tech
in our wind tunnel. The results of these are presented
in Fig. 17 and show that the response is indeed much
smaller than that determined by Lockhart (1987), and
is in accordance with our results from the field in Fig.
16.

Nevertheless, at our site the mean vertical wind com-
ponent together with the off-axis response of the Hydro-
Tech WS-3 has been sufficient to affect the overall field
comparisons. Thisis demonstrated in Fig. 18 where the
comparison of Fig. 9 is shown for a selected dataset,
which includes only data for which the vertical wind
angle was less than 1°. For these data, presumably al-
most free from the off-axis response, the Metek gives
7.5% lower mean wind speeds than the Hydro-Tech, in
contrast to the whole dataset for which the Metek
showed 13.5% lower values. Thus an approximately 6%
mean error in the Hydro-Tech output appears to be
caused by the off-axis response in these data. This dem-
onstrates that in all comparisons of this kind, and in
measurements on hilltops using the anemometers of the
type of the Hydro-Tech, attention must be paid to the
vertical wind component and the possible off-axis error.
This finding al'so means that a 3D anemometer, such as
the Metek, is a particularly appealing option for loca-
tions, where a significant vertical wind vector is ex-
pected, say, due to the nature of the terrain.

6. Conclusions

Our wind tunnel calibrations demonstrate that theice-
free, aswell as other, anemometers need to be calibrated
in a wind tunnel big enough to avoid blockage errors
and using standard calibration methods. Today’s so-
phisticated software puts no limits on applying complex
calibration equations, so that the nonlinearity of the cal-
ibration curve should be taken into account rather than
using a linear calibration constant. As these procedures
are not a present practice, many manufacturers’ cali-
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brations include significant errors particularly at low
speeds.

Therotational Hydro-Tech WS-3 anemometer and the
Metek USA-1 sonic anemometer, when carefully cali-
brated, show values that are in a reasonable, but far
from a perfect, agreement in severe icing conditions. In
our data the mean difference was 13.5%. About half of
this difference was caused by the off-axis response of
the Hydro-Tech and the other half probably by dynamic
overspeeding of the rather robust Hydro-Tech and pos-
sible problems of the Metek anemometer. The off-axis
response of the Hydro-Tech WS-3 in natural conditions
is smaller than claimed earlier based on wind tunnel
tests, but can still cause significant systematic over-
speeding at hilltops. This and the high distance constant,
resulting in turbulence intensity underprediction, may
cause problemsin purely meteorological research. Apart
from that, the Hydro-Tech WS-3 is well applicable to
the severe icing environment and, when correctly cal-
ibrated, is sufficiently accurate for, for example, struc-
tural wind load evaluations and wind energy potential
estimates.

The pressure sensing solid state anemometers, such
as the Rosemount 1774W tested in this work, seem to
suffer from a significant underprediction of the wind
speed in the field conditions. The reason for this may
be related to high sensitivity of the device to changes
in the atmospheric pressure.

The heated 3D sonic anemometers, such asthe Metek
USA-1 tested here, are promising ice-free anemometers
especialy in hilly areas, where the off-axis response of
the other anemometers may cause inaccuracies. How-
ever, its sensor heating is insufficient in the most severe
icing conditions. The Metek sensor also appeared to be
unable to measure at all at wind speeds over 23 m s,
This may be related to icing, but also to the deviation
of the acoustic signal with wind. If the latter, then this
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problem could involve other acoustic anemometers as
well.

Installation of anemometers requires special attention
in an icing environment. Dimensions of the anemometer
booms and other supporting structures may increase sig-
nificantly due to ice accreted on them, resulting in shad-
owing or tunneling effects. This may be avoided by
additional anti-icing devices, such as heating cables at-
tached to the supporting structures. Such arequirement,
together with the necessary high heating power con-
sumed by the feasible anemometers, unfortunately
means that reliable wind measurements are presently
impossible at sites with significant icing but without an
ample energy supply.

Overadl, there is still room for improvement in the
technology of measuring wind speeds accurately in an
icing environment. However, with some presently avail-
able heated rotational anemometersit is possible to col-
lect reliable wind data even in the most severe icing
environments, provided that due consideration is given
to anemometer calibrations and to the error sources dis-
cussed in this paper.
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