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1. INTRODUCTION

A unique 2-dimensional sonic anemometer, designed

by Handar, wascompared to aconventional cup
anemometerand wind vane manufactured by Met One
Instruments. This comparisomwas conducted t@ssess the
ability of the sonic landarmodel 425) tomeasure the
mean and turbulent properties of ambienvinds at the
standard observing height for surface wind monitoring.

Sonic anemometers are an attractive alternative to th?ange of ambientonditions

mechanicalcup andvane for routinemonitoring. Some of
the advantages of a sonioclude no moving parts, no
bearing surfaces, solid-state electronesd small cross-
section to the wind. Several instrument manufacturarsh
as Climatronics Corp.,METEK GmbH, Mesa Systems
Company, and Gill-SOLENT, have recently developed
rugged and nearly maintenance-fre@nic anemometers for
routine measurements. Thesew sonic anemometers are
distinguished from the research-grade, l-and 3-
dimensional sonics thaare usedfor measuringsensible
heat flux and vertical turbulence, e.g. sensorsClaynpbell
Scientific Inc. and Applied Technologies Inc.

The routine use of sonics bringsnew challenges to
those who maintain and audit meteorologicalsystems.
When auditing a system withsonic anemometers,
technicians must employ alternatives to theraditional
methods used for mechanical wind sensors. A cup
anemometer igypically audited byrotating its shaft at
known speeds (U.S.EPA990). Wind vanesare audited by
orientation of thevane to known azimuths. Lacking a
rotating shaft and a movableind vane, the onlypractical

instruments, mounted near eaather, can be compared to
reveal thecombination of random and systematic (or
instrument) error.

In this study, we duplicate theomparability analysis
in Lockhart (1989) where absolute differenaes used. We
also calculate the normalized or relative differenassng
the wind speeddata. Without an absolute standandnd
measurementpur study must be limited tcanalysis of
comparability between twsensors with separatend not
similar, errors. Although our data set is limited in size and
itdoes provideinformation
on the expected values focomparability of these
instruments.

We also examine a special case of very lnds.
Calm winds are particularly difficult for mechanical
sensors. Sonic anemometdask astarting threshold and
therefore have the potential to accuratelgasure very low
winds.

2. DESCRIPTION OF SITE

Our field site is on the grounds bAwrenceLivermore
National Laboratory (LLNL) which is located on tleastern
side of the Livermore Valley, abouBO0 miles from
Oakland, California.The 40-m meteorological toweused
in this study is near thaorthwest corner of th&LNL site
at an elevation ofl74 m. The topography slopes up
gently towards the southeast with a gradeapproximately
12m in 1km.

The tower site is exposed teelatively openfetches
with surfacesconsisting mostly ofannual grasses for at
least 100 m in all directions. The surfaceroughness is

method available for in-situ auditing of a sonic anemometernbout 0.15 m and thezero-plane displacement iabout

is by the collocated transfer standard (CTS) method.

A previous study(Finkelstien 1986)describes how
data fromcollocated sensors at thBoulder Atmospheric
Observatory (BAO) can be used to estimate the
comparability ofwind instruments. Anothesstudy of the
same data setlL¢ckhart 1989) found smaller values for
comparability. These studies employ th@TS method for
wind instrument auditing.

Two collocated wind instruments can be compared
using methods inASTM (1984). The data from two
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0.5 m (Chapmarand Gouveia,1988). The largest nearby
feature is a north to south line of eucalyptus trabsut
125 m to the east. A housing development is at&xi® m

to the west. Commercial buildings are located 220 m to the

north.

With an annual averageind speed of.6 m/s, LLNL
experiences a higtirequency of low winds (Gouveia and
Chapman, 1989). Based on a 17-year rec®idpercent of
the 15-minute average wind speeds are less tharis and
50 percent are less than 2 m/s.



Table 1. Manufacturer's wind sensor specifications.

Starting Distance Damping Max

Sensor Threshold Constant Ratio Accuracy Resolutiof Speed

(m/s) (m) (m/s)

010C cup 0.3 <1.6 V: 0.15 m/s or 1% 0.1 m/s 60

020C vane 0.3 <1.0 >0.4 6:+3 deg 1 deg 60

425 sonié 0.0 -- - V: 0.135 m/s or 3% 0.1 m/s 60
6:+2 deg 1 deg

® Preliminary specifications

3. METHODS

3.1. Tower Boom and Crossarm set-up

As shown in Figure 1, the wind sets were mounted on &

crossarm located at the end of a 2-m long boom onwvibet
side of the tower at0 m above the groundThe crossarm
was oriented north to south with the Met Omid vane on
the south endThe Handarsonic wasattached close to the
center of the crossarnThe sonic’s transducersare situated
about 0.3 m above the center of the cup and vane.

3.2. Data Acquisition

We connected theHandar andMet One sensors to
separate but identicaHandar 540 data loggers running

® Estimated using Wang (1979)

¢ Includes resolution of logging system

Additionally the logger connected to the Met One
system recorded:
Winds at 40 m
e Temperature at 2, 10 and 40 m
« Precipitation with a tipping bucket rain gauge
e Solar radiation

3.3. Met One Cup and Vane System

Table 1 summarizes the manufacturesisecification
for the windinstrumentsused inthis study. The Met One
010C wind speed sensor is a 3-cup design. The 010C uses a
slotted chopper disk t@roduce a pulsed outpubat is
converted to a voltageroportional towind speed. We

similar acquisition programs synchronized to the sameerified the calibration of the wind speedsensor by

clock. Each 540 logger polled the instrumentsvery
secondand stored 15-minuteinformation. The datawere
transferred periodically viamodem to anAtmospheric
Release AdvisoryCapability (ARAC) Sun workstation.
Calibration and maintenance of the Mebne system was
performed according to U.SEnvironmental Protection
Agency (EPA) guidance (EPA, 1987 and 1990).
Both loggers recorded the following parameters:
¢V, 15-min average horizontal wind speed
¢ V., maximum 1-sec horizontal wind speed
e 0, standard deviation of horizontal wind speed
e« 6, 15-min average unit-vector wind direction
e 0, standarddeviation of wind direction calculated
according to Yamartino, 1984
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Figure 1. Top view okensors crossarm, booand tower
layout.

spinning the shaft at constant speed with a tachometer. The
Met One 020C vane uses frecision potentiometer to
determine wind direction.

3.4. Handar Sonic System

The Handar 425 Ultrasonic wind sensor uses ultrasound
to determine thavind speedanddirection. Every second a
100-kHz signal is generated by vibrating a cylindeeach
of three transducerd’he temporal gap between thggnal
from each transducer i9.05 seconds.After the third
transducer has vibrated, there i90.80 second gapuntil
another vibration of the first transducer.

The transit time of the signal isneasuredonce per
second in the forwardnd backwardlirections byeach of
the three transducers, whidre 120 degreesapart. With
wind along the sound path, the upwind transit time
increases and the downwind transit time decreases. A sensor
micro-controller computewind speedand direction and
reports them to thedata logger as analogue voltage
signals.

3.5. Systematic difference and

operational comparibility

Systematic difference ) and operational
comparability ¢) are computed following ASTM (1984).
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Table 2. Systematic differencd) @nd comparability €) for Table__3 Rela}ive systematic difference ) and
all the parameters. compdrability 7> m/d8 wind speetlistatr'stics.ﬁu_valtlles
are in [pefcantiy=3>7o T
\% vV, g, 2] g, !
(m/s)  (m/s)  (m/s) (deg) (deg) o\ Vi F som sof oyt | scum
All data (N=5170) All date=\=$170) - =
d -0.026 0.20 0.046 -4.0 1.5 d' m— ! L9 :—--7-&-- . J
c 0.11 0.40 0.098 14. 8.4 c ._'n_.E"- 7.3 18
-10
V=2 m/s N=3208) V=2 /s NF3208)
d -0.012 0.31  0.063 -4.0 -0.27 d .58 3.5 7.7
c 0.12 0.49 0.12 4.3 1.5 c s 873 52 T3
. . U 5 90 I35 180 S 70 315 360
c for 6 with -4.0 deg bias removed 1.6 Met Onef (degrees)

oL 07
Cc = B’\_IZ(Si —M,-) H
=1
whereN is the number of 15-minutebservations,S is the
ith observation of the sonidyl, is theith observation of
the Met One sensor.
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3.6. Relativesystematic difference and
relative operational comparibility

We also computed the relative differencd’) (and
relative comparabilityq) for the wind speed and gust data.

T 1 L
d' = WZ (s -m)m,) (3)
oy 0°
c'= HV; (s - M,)/M,)ZH (4)
The EPA states accuracy specifications for

4. RESULTS

4.1. Study Period

We collected 5170 fifteen-minute period®m both
loggers for 58 contiguousdays from 6 March to May,
1997. The weather for the study periadsratheratypical
for spring atLLNL with stronger than averageinds and
only one winter stormduring the 58-day period. The
amount of rain measured during the study period (2.5 mm or
0.10 inches) was abnormally low for LLNL. Based on a
7-year record of rainfall datdLNL receives an average of
70.6 mm (2.78 inches) oprecipitation for March and
18.5 mm (0.73 inches) for April. Asmieasured by the Met
One cups, the averageind speed in thg@redominate wind
direction was 3.3 m/s, somewhat stronger than the
2.9 m/s average for the entire study period.

4.2. d,c,d,andc’

Table 2 summarizessystematic difference and
comparability for the entirelataperiod andalso fortimes
where the winds were equal to or greater tBam/s. These

anemometers in terms of a percent of the observed speed fealues are generally smaller than previouslpublished

speeds greater than 5 m/s (EPA 1987).
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Figure 2. Histogram oY/.

values (Lockhart 1989pmnd aredescribed in more detail
later in this paperThe values ofd and c are strongly
influenced by the ambientonditions at thetime of the
experiment as illustrated in Figure 2, the histogram of wind
speed as measured by the Met One cups. This diagteen
compared with Figure 2 in Lockhart (1989) shows that our
experiment features a much largeoportion oflow winds
than the BAO experiment.

Relative differenceand relative comparability are
computed for the wind speedatistics, V, V,,, andg,. The
values are presented in Table 3 for the entire selat# and
for a subset wheré = 2 m/s.

4.3.

\'

The least-squares linear regression of the average wind
speed data (Equation 5) reveals a very small offse073
m/s) andslope (1.016).This small deviationfrom perfect
agreement may bdue, inpart, to very minorsystematic
errors in the calibration of the sonic or cup anemometer.

V(Sonic) = 1016*V(MetOne)—-0.073 m/s (5)



The statistics inTable 2aresomewhat misleading as

they aredependent on the frequency tdisution of wind
speed. We computatlandc for classes ofvind speedwith
width of 0.5 m/s (Figure 3a)Comparability increasewith
increasing wind speed class whdeapproaches zero. If we
compute the relative systematidifference and relative
comparability (Equations 3and 4) andagain plot bywind
speed class (Figure 3b) we see tliaandc” approach 0 and
2%, respectively. The large values ofd for wind speed
greater than 8 m/occurred during asingle episode of
strong winds from the north on April 1. These strong
winds exhibit some unusual behaviors. We propsseeral
reasons for this spurious data: 1) some incorrect
interpretation of persistent norttvinds by thesonic, 2)
incorrect interpretation by thsonic/loggercombination,
or 3) interference of thevind flow from the windspeed
sensor. Weconsidered removing this perioffom the
database and not including it in oanalysis. Weconcluded
to keep the strong north wind in the databasdinterpret
the resulting analysis accordingly.

4.4 v,

The large positive values ofc andd for V,, are likely
caused byinertia of the MetOne cups. The sonic has no
mechanical inertia so it senses very small fluctuations
the wind. The linear regression of thevind gust data
(Equation 6) indicates a largeslope (1.064) than the
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Figure 3. ad andc for wind speed, and b andc” for wind
speed plotted by wind speed class.

average wind speed regression.

V. (Sonic) =1064 *V_(MetOne)
-0118 m/s

The systematic differences ¢ and d) and the
comparability indexed (candc’) all tend to larger values
relative to their counterparts fof.

(6)

4.5 ¢

v

The sonic did produce wider distributions of wind
reports than the cupsThe systematic difference of g,

Figure 4. Wind direction difference (sonic - vane) ver6us
from the vane.

indicates the sonic returns a value tha0i846 m/s larger

than the cups. Sinatandc for g, increase withincreasing

wind speed, it may be more appropriate to loold andc’

(Table 3).Therelative difference foig, indicates that the

sonic returns values thatretypically 7% higher than the
ofups.

4.6 6

The systematic difference of the winddirection data
indicates a -4.Qdegreeorientation error between the wind
direction sensorsThis is obviously caused by theslight
misalignment of one or both sensollith the alignment
error mathematically removed in the dataset the
comparability ofwind direction is reduced topreviously
published values.

The difference betweenwind direction reports are
plotted in Figure 4against thewind to direction from the
vane for all casesvhereV =22 m/s. The wavy pattern in
Figure 4 isduesmall inaccuracies in thpotentiometer of
the vane or possibly non-linearity of the sonic response to
wind direction. Figure 4 does not indicate aabvious
deviation of thewind caused by thepen structure of the
tower (see Figure 1).
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4.7. o,

Figure 5 verifies the values ofandd for g, in Table 2.
Both analysisshow large differences ig, for small wind
speeds. At theskght winds the vanes speridcreasingly
more time experiencing winds less than itsstarting
threshold (0.3 m/s). It is possiblier the ambient flow to

Sonic V (m/s)

120

100 A

80 A1

14

Met One V (m/s)

Figure 6.V versusg, for a) thesonic and b) the cup and
vane.

change azimuth without sufficientorque to alter the
position of the vane. During times of light winds, from
the vane may be an artificially low value.

The samephenomenon igdemonstrated in Figure 6a
and 6b which are plots of g, againstV for each sets of
instruments. A bulge in the cloud dtapoints appears in
Fig 6b from the mechanical Met One set.

The vane experienced some enhanced turbulemith
north winds due to interference from the otlsensors. As
stated before, thieffect can be seen in Figuresabd 6
because theonly episodes of sustained strong winds
(V>8 m/s) came from the north.

4.8. Low Wind Speed Case

A series of three time series diagrams (Figure 7 a, b, c)
illustrate how this sonic anemometer performs compared to
the mechanical sensorsluring episodes of very light
winds. These diagrams featutata fromnoon tomidnight
on the seventh of March. Extremely lightinds occurred
most notably at 23:00 (3/@ndagain at 5:00 (3/7). We
interpret thedata to mearthat at these times thegane
remains stationary withoutven one gust ofvind strong
enough to alter its position for almost an hour. Agsult,
6andg, for the vane deviate from the sonic during extended
period of light winds.

5. CONCLUSIONS

Thetwo sensorsystemscompared inthis study, the
Handar sonic and the Met One cup and vane, perform almost
identically whenV is greater thar2 m/s. Comparability
values discussed inthis paperare similar tovalues in
Lockhart (1989) despite thesignificant dissimilarities
between the dataset¥he Handarsonic compares to a cup
and vane better than the Appliedechnologies sonic
manufactured in 1980 that was used in the BAO study.

The sonic responds more naturally than the
mechanical sensorgnderconditions ofvery light winds.
The data from the vane in thesenditions are paticularly
unreliable. It is apparent that progresswith
microprocessors hasoved sonic anemometry into the
reliable routine monitoring application.
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