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PREFACE

We became interested in the anemoclinometer as a
possible three-dimensional pressure-sphere anemometer in
1961 when Professor H. Lettau called it to our attention.
Several features were of interest: the small size which
would enable measurements near the ground, the internal
angular precision of construction, and the stability and
ruggedness of the probe were all valuable attributes.

Most importantly, however, the vertical velocity, which

is the most critical measurement, is obtained from a
pressure proportional to the product of the vertical and
horizontal winds. Consequently, the vertical wind is con-
tained in a term of large magnitude, which can ke measured
with precision, and is then obtained by division rather
than by differencing, which also lends precision to the
measurement.

The early work, which validated the potential of the
anemoclinometer as a three-dimensional anemometer, was
supported under grant DA-SIG-36-039-62-G25 by the Atmos-
pheric Sciences Laboratory, U. S. Army Electronics Command,
Fort Buachuca, Arizona (formerly the Department of Meteorol-
ogy, U. S. Army Electronics Research and Pevelopment Activity,
Fort Huachuca, Arizona). This work, which included tests
on frequency response, sensitivity of the anemometer to
angular rotation, and a limited comparison to wind profile

1/

measurements of shear stress, was reported = for the above

1/ Thurtell, G. W. and C. B. Tanner. 1965. Momentum Transport

Measurement in the Atmospheric Surface Layer with the
Anemoclinometer. University of Wisconsin, Department of
Soil 3cience, Madison, Wisconsin, Final Report 1962-1965.
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2
grant. The results also are presented by Thurtell = ,

The use of the pressure probe hinged upon a pre¢ssure
measurement with severe requirements of sensitivity, zero
stability, sensitivity stability ard frequency response.

The only pressure transducer availzble at that time which
appeared to meet cur requirements was one made by Datametrics,
Inc., as described in this report and the earliier one.
Datametrics was most helpful in modifying the sensor and

the electronics to meet our requirements, including smaller
transducer volume, distant separation of the transducer

from the electronics, and read out of electrical zero and
fvll scale.

Earlier experience with data-logging via a magnetic
tape system 1.2/ convinced us that the only feasible route
was on-line computation. This was done in the experiments
discussed in this report, and proved to be as valuable as
we anticipated.

Most of the results in this report were obtained as
rart of the 1967 Cooperative Field Experiment conducted
2t the University of California at Davis and sponsored by
the Atmospheric Sciences Laboratory, U. S. Army Electronics
Command, Fort Buachuca, Arizona. The remaining data were
gathered at the University of Wisconsin Hancock Experiment
Farm.

We wish to express our appreciation to Mr. T. A. Black,
graduate student who worked with us on the Davis Caiifornis
experiment and helped also at Hancock in providing all of

B

“
&/ Thartell, G. W, 19265. Momentum transport measurements in

the atmospheric surface layer with the anemoclinometer.
Ph.D. Thesis, Univ. Wis. (Pub. No. 65-11,179). 47 p. Univ,
Microfilms, Ann Arbor, Mich. (Diss. Abstr. 1: 4017.).
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the energy balance data. We owe thanks also to

Dr. €. R. Stearns (Department of Meteorology, University
of Wisconsin), Dr. W. O. Pruitt (Department of Water
Science and Engineering, University of California-Davis),
and Dr. J. A. Businger (Department of Atmospheric Sciei_es,
University of Washington), who participated in che 1967
Cooperative Field Experiment and provided data used for
independent comparisons of shear stress and sensible heat
flux density.

G. W. Thurtell
C. B. Tanner




ey ™

LU DR s W e S Tt i e e ie

THREE-DIMENSIONAL PRESSURE-SPHERE
ANEMOMETER SYSTEM

G. W. Thurtell, C. B. Tanner, and M. L, Wesely
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ABSTRACT

A rugged and stable pressure-sphere anemometer
system is described which provides an accurate measure-
ment of wind velocity and direction within a meter of
the ground. The horizontal wind velocity, (u2 + v2)%,
agreed very closely with cup anemometer measurements,
indicating good accuracy in the measurement of the
dominant term, u. Eddy correlation measurements of
shear stress with the pressure-sphere agreed very well
with Davis shear-stress meter measurements and satis-
factory agreement was f£ound with data obtained from
wind velocity profiles and from wind measurements using
a drag coefficient. Ratios of gw/u, during neutral
periods were found to be in excellent acreement with
values derived by Panofsky and Lettau, providing further
indication of the accuracy obtainable with the pressure
sphere system.




abe Introduction

The basic mechanisms of turbulent transport in the
layers of air within a few meters of the earch's surface
are receiving increasing attention from researchers
from many disciplines. Inadequate diffusion models are
limiting research progress in meteorology, ecology,
agriculture, water resources and air pollution since
many cof the critical problems in these fields are
associated with the exchange of energy, gases and aer-
osols between the earth and its atmosphere. The testing
and development of improved transport models requires
accurate experimental data which is at present insuf-
ficient.

Field measurements of turbulent mixing processes
have been few and generally inadequate because of the
stringent requirements for the instrumentation. The
wind velocity sensors must be accurate, stable under
field conditions, fast responding, small for measure-
ments near the ground, rugged, and must measure both the
flow direction and velocity without seriously disturb-
ing the flow. Sonic anemometers (Kaimal, et al., 1964;
Kaimal, et al., 1968), bivanes (Gill, 1963; McCready
and Jex, 1964; Cramer, et 3l., 196l1), two types of heat-
transfer anemometers; (Miyake ard Badgley, 1967; Dyer,
1950), fast-response cup anemometers (Frenzen, 1965) and
vertical, prcreller-type anemometers (Thornthwaite, et al.,
1961 and HEolmes, et al., 1964) have all been used in the
atmospheric surface layer but each fails to meet one or
more of the essential criteria mentioned above for
measurements near the ground. The pressure sphere is
well-suited to measuring the lateral and vertical wind
cemponents because they appear as products with the
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large longitudinal velocity in the basic pressure measure-
rment., It is felt that the anenometer system to be
described does meet these requirements to greaster degree
than do other available instruments and will thus aid
research on turbulent diffusion processes.

The basic sensor of our system is the anemoclincmeter
descr.bed by Martinot-Lagarde, et al., (1952) and made
by the Institut de Mecanique des Fluidesi/. The tests to
be described were conducted at the University of California
at Davis as part of the 1967 Coorerative Field Experiment
sponso~ed by the Atmospheric 5Sciences Laboratory, U. S.
Army Electronics Command, Ft. Huachuca, Arizona. Wind
velocity meuasurements made with our anemometer system
were comp@red with cup anemometers. Eddy correlation
shear strecss measurements were compared both with wind
profile data and with data from the large Davis shear-
stress meter (Brooks and Pruitt, 1966). In addition
measurenients of the standard deviation of the vertical
component of wind velocity are presented for Davis and
also some from Hancock, Wisconsin.

2. Anemometer system

The anemometer system consists of a spherical probe
with pressure ports drilled into its surface. This
particular desigrn of sphere, called Philip I, can be
replaced satisfactorily by other styies. The pressures
developed at these ports are transmitted through small
tubes and measured by pressure transducers. The

1/ Institut de Mecanique des Fluides de Lille, 5,
Boulevard Painleve, Lille (Nord), France.

MHAED o1
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electrical outputs of the pressure transducers can be
analyzed to give the crthouonal components of the wind
vector,

a, Spherical pressure probe

We used both 3-cm and 8-cm pressure probes 2s
described by Martinot-~Lagarde, et al., (1952). The 3-cm
prcbe, shown in Fig. 1, consists of a spherical head
mounted on a supportina shaft. A drawing of the head,
showing some of the ports, is ¢iven in Fig. 2. When in
use, the probe is fixed with the sphere on the upstream
end of the shaft. Twelve small ports are drilied into
the spherical surface and a pitot tube is centered in a
Venturi which is bored in the sphere on the axis of the
shaft. Eight of the twelve ports on the surface of the
sphere are located on a circle at an angle of 47.5° to
the shaft axis and serve as reference ports for the
pitot tube in the Venturi; these eight holes are con-
nected to a common pressure-averaging cavity in the
shaft. The other four holes lie at right angles in the
X,z and %,y planes, and each hole is at 45° from the
shaft axis. The x-coordinate is taken parallel and the
y- and z-coordinates perpendicular to the probe shaft,
with z in the vertical plane. The open end of the
pitot tube in the Venturi is in the upstream direction.
The pressure difference

P, =P_~P (1)
between the pitot tube and the cavity common to the

eight refercnce ports, is proportional to the dynamic

pressure,

PR e
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Fig. 1.

Fig. 2.

Spherical sensing head of snemo-
clinometer showing pressure ports.

Front and cross-section views of
anemoclinometer head, with y- and
z-coordinates shown on front view.
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P, = ap V2 (2)

where

V2 = (u2 + v2 + wz) (3)

where u, v, and w are the axial, cross-horizontal, and
vertical wind components, o is the fluid density, and "a"
is a constant of the probe equal to 1.015 according to
data supplied by the manufacturer. The pressure differ-
ence between the two vertical ports (x,z plane) and that
between the horizontal ports (x,y plane) are predicted
reasonably well by

P, = bpuw (4)

P

3 bpuv (5)
The factor, b, is a function of the Reynold's number but
is relatively constant in the Reynold number range of
2,000 to 200,000.

Calibration data supplied by the manufacturer indi-
cated that for the 3-cm spheres, the pressure ratios
P2/Pl and P3/P1 were linearly related to the angles F and
G respectively by the equations

!
i

c Pz/(P1 cos G) (6a)

(2]
{

= C P3/(P1 ccs F) (6b)

where ¢ is a constant ard Fand G axe the complements of the
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directional angles. Accordingly,
w=V sin F (7a)
v =V 8in G (7b)
u =~ V(cos F) (cos i5) (7¢)

The components of the wind vector are cescribed more
closely by equations (3}, (6), and (7) than by equations
(3), (4), and (5). When using (6), an iterative procedure
is used to solve for F and G which are then used in equa-
tions (7).

b. Pressure transducers

Capacitive pressure transducers manuiactured by
Datametrics, Inc.g/ were chosen for the pressure measure-
ment. The gains of the signal coanditioners can be selected
to provide full scale outputs (+ 5.0V) fcr differential
pressures of 10, 20, 30, 60, 100, 200, 300, 670, 1000,
2000, 3000, 6000, 19,000 dynes cm™?. The transducer has
a maximum nonlinearity of about + 0.1%, zero drift of
10-5 of maximum range per degree Celsius and sensitivity
change of 2 x 10-2%/C.

c. Frequency response

The frequency response and phase shi:it of a
pressure transducer connected by tubing to a fluctuating
pressure has been described by Iberall (1950), whose

2/ Datametrics Incorporated, 87 beaver Street, Waltham,
Mass. (Model 511.-8 BRarocel).

il w
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analysis was basic to our system design. The response
of the transducer is controlled by the size and length of
the tubing and the effective internal volume of the
transducers, The transducers used in our system were a
special design which used a stiffer-than-normal diaphragm
and a reduced internal volume of 1.6 cm3 to improve the
frequency response of the system. The spherical probe
was connected by approximately 43 cm of approximately
1.5-mm I.D. tubing to the pressure transducer; tests
showed this tubulation optimized the system performance.
The frequency response and phase shift of the system
were cnecked by producing known sinusoidal pressure dif-
ferences at various frequencias between appropriate ports
on the surface of the pressure sprheres and monitoring
the amplitude and phase of the transducer output. 1In-
stead of attempting to prcduce the pressure differences
between ports on a single sphere, two identical spheres
were placed in separate pressure chambers with tubing
vonnecting appropriate ports to the pressure transducers.
Equal pressure fluctuations, 180 degrees out of phase
with each other, were produced in the two chambers by
pistons which were clcsely coupled to the chambers.
The pistons were dri en by a variable speed motor and
the phase of the p: :ssure fluctuation was determined by
optically sensing the position of the Scotch yoke piston
drive. Typical amplitude and phase shift characteristics
of the 3-cm anemoclinometer and pressure transducer are
shown in Table 1. The response was limited by the tubing
used to construct the anemoclinometers and could be
improved by redesigning the pressure sphere, tubulation,
and transducer system for optimum performance.
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Table 1. Anemometer system frequency response and phase

shift.
r 4 frequency relative phase shift
: Hz amplitude (degrees)

L | 1 1.00 0
. 5 1.02 18
{ ¢ 10 1.05 48
% 15 1.00 76
- 20 0.84 100

25 0.63 126
_ 30 0.47 145

d. Field installation

For field measurements, the pressure-sphere anemometer
i . is mounted on a 2.5-cm diameter mast (Fig. 3) at the desired
: height. The anemometer is oriented with the shaft axis
parallel to the anticipated direction of mean flow. The
three pressure transducers are housed in a temperature-
controlled (+ 0.2C) box which is an integral part of the
mounting assembly located at the opposite side of mast to
the pressure sphere. The temperature control provides
the required zero stability. The whole assembly can be
moved to different levels on the mast or completely
removed as one unit without disconnecting the pressure
transducers from the pressure sphere. The pressure
transducers are connected by 150 m of cable to their
power supply and signal conditioners which are housed in
a 2.5 x 6 m air-conditioned instrument trailer.

The masts are on pivot points and supported higher
up by guy wires attached to bearings. This arrangement

ditissnnaa




t
' Fig. 3. Anemometer assenhly on its mast.
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allows the mast to be rotated so that the probe can

be criented easily into the mean wind. When the data
discussed below were obtained, the anemometer was
rotated in azimuth manually into the mean wind; at the
beginning of each haif-hour run the crientation was
adjusted to the position of the mean wind for the previous
half hour. Since then, a motor assembly, controlled by
the P3 = bpuv output of the wind probe, has keen used to
continuously but slowly adjust the position of the probe
into the wind. The orientation of the mast is monitored
through the output of a potentiometer attached to the
base of the mast and is included in the calculation ot
the components of the wind vector.

3. Data handling

Since the sensors respond to frequencies as high as
30 Hz, a large amount of data mus* be analyzed if the
system is operated over extended periods of time. Storing
large quantities of data under field conditions is costly
and often results in a serious reduction in data quality.
In addition it is highly desirable that some data analysis
capability ke availahle at the experimental <«ite so that
the experiment can " run efficiently and . c(rumentation
faults detacted as scon as possible, MAfter a careful study
of the available alternatives we eiected to drastically
reduce, by digital on-1line computiation, the quantity of
data to be stored to the point where it could be typed
out in table form by & typewriter or stored on paper tape.
In 1967, this amounted to a data reduction of approxi-
mately 1€n00:1.

In 1957 the data analysis was performed on an EMR 6020

A
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computerzl and later on the faster and sme2ller EMR 6130.
The 1967 system included a Raytheon A-D converter, 6020
computer and model 33 teletype with paper tape reader with
punch. The €130 system includes an EMR 2701 converter,
and 2 higher speed paper tape reader and punch in aduition
to the model 33 teletype.

Five channels of analogue data were obtained &t each
of three sites to give a total of 15 channels. At each
site three channels represented the three pressure differ-
ences P,, Py, Py and the other two channels represented
a fast response resistance thermometer (Wesely, et al.,
1969) and a fast response barium fluoride relative humid-
ity element (Jones, 1967). The velocity components of
the wind vector were calculated using equations (6) and
(7) and means, squares, and crossproducts of the five
parameters (u, v, w, T, e) were calculated, where T, and
e were the temperature and vapor pressure respectively.

The complete operation (i.e. 15 channels of analogue
to digital conversion and the data analysis) was repeated
40 times per second. At the end of each nalf-hour sampling
period the necessary sczling operations were performed and
the ocutputs were teletyped. Approximately 2.5 minutes of
ezch nalf-hour period were required for output and no data
were collected during this time.

This data system has proven to be a very efficient
and powerful rusearch tool and it is felt that the success
achieved with the anemometer system would not have been
possible if, alternatively, data storage equipment had

been sclected,

——— - — —r———

2 Electro-mechanical Research, Inc., 8001 Bloomington

Freeway, Minneapolis, Minn.
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4, Tests of anemometer system

A complete description of the experimental axrea may
be found in Brooks and Pruitt (19€6). A pian of the
field site is given in Fig. 4, showing the heights and
spatial arrangement of our three anemcmeters with respect
to the 6-meter, Davis shear stress lysimeter and the
triangular array of masts installed by Dr. C. R. Staarns,
University of Wisconsin Department of Meteorology. These
masts carried cup anemometer and aspirated dry- and wet-
buldb thermometers. The surface was uniform alta fescue,
5 to 10 cm high, which was periodically mown.

Wind velocity measurements with our pressure probe
are compared with cup anemcmeter data and our eddy-
correlation, shear stress measurements are compared with
both shear stress lysimeter data and shear stresses
obtained by Dr. Stearns' preliminary analysis of uis
vertical profiles of wind velociiy and of temperature
(KEYPS-type, diabatic profile analysis). 1In addition,

a grarhical description of the vertical fluctuztions
of wind velocity as a function or the stability param-
eter z/I. is vresented.

A . Comparison of wind velocity measurements

The on-line computer program which was used to
analyze our anemcmeter data included the calculation of
the horizontal wind.

—-— 2 2. k%

Vg = (07 + v7)

where u and v are the instantaneous values cf the hori-
zontal components of the wind vector. The value of V.

H
is primarily dependent upon P,, as given in (2), and
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since u generally is much larger than either v or w,
errors assocjiated with “he measurement of wind angles

calculated from (6) de not seriously degrade the

eccimate of V;. The good agreement between VH

anemometer measurements presented in Fig. 5, demonstrate

and cup

the accuracy of pressura-sphere measurements of u.

b. Comparison of shear stress measurements

Shear stress measurements ohtained with che pressure--
sphere anemometer are compared with data from the shear-
stress lysimeter ard ifrom amlysis of the wind profiles.
Trhe data obtainea on May 2, 2, 4, and 5 are presented in
Figs. 6 and 7. The pressure-sphere anemometer deata
represent the average of measurements available at the
three sites. The shear stress dat2 frem the three wind
profile sites also were averaged. The Davis shear stress
iysimeter independently measuves the north-south, and
east-west components of the surface shear stress and the
data used were computed by W. O. Pruitt as the vector sum
of the half-hour means of these cocmponents.

Agreement among the three methods is zatisfactory even
though the aerodynamic analysis generally provides some-
what larger values than the other two methuds., This dis-
crepancy appears unduly large on May 4 and £, The average
z value computed from the wind profiles is 0.95 om for
May 2 and 3, and about 1.4 cm for May 4 and 5. For the
latter two days new estinates of khe shear stress were
calculated via a dray coefficient using z, = 0.95 cm,

a KEYPS diabatic correction and the cup anemometer wind
velocity at 80 cm, The results of this calculation are
more consistent with the comparisons on May 2 and 3.

Calculations indicate that best agreement between drag
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coefficient and eddy correlation determinations wculd

have been obtained by using z, = 0.7 cm,

c. Standard deviation of the vertical wind

Ratios of the standard deviation of the vertical
component of wind velocity to the friction velocity, u,,
as measured at the two l-m sites and one 4-m site, are
plotted in Fig. 8. The comparison of horizontal wind
measured with our anemometer system and with cup anemom-
eters indicates that our pressure-sphere anemometer
measures the u-component of wind velocity accurately;
Accordingly the ratio aw/u, Would vary as the square root

of a constant percentage error in the measurement of w,

This is not a very sensitive test of the measurement

of the vertical 2omponent of velocity since the error

R W s T

in w would be twice that in sw/u,, but our vaiue of
1.25 for 4w/u, under neutral conditions is the same as
that derived by Peznofsky, et al., (1567) aand close to

§ the value of 1,33 predicted by Lettau (1968). Over one
: hundred additional data points were collected over snap

bears (zo = 4 cm) in 1968 at Hancock, Wisconsin, The
data, averaged over stability ranges of z/L = - 0..5 to
N.25, are also presented in Fig. 8 and are very similar
to the Davis data., For ready comparison with the
panofsky (1967) and Panofsky et al. (1967) the curve

rn - (z/L)/s}% is plotted.
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ABSTRACT

A three-dimensionil pressure-sphere anemometer and
fast thernometer system (F.S.A.T.) was used to measure
vertical heat flux density in the atmospheric surface
layer at one to four meters above alta fescue and snap
beans. Good agreement with independent measurements
was obtained, which shows that the P.S.A.T. is suf-
ficiently small and has adequately high frequency
response and accuracy for eddy-correlation measurements

within cne meter of the surface. Also obtained with
? [ ten? m?

the P.S.A.T. were (u'T')/{w'T"), ru,T‘ rw’T,

and their dependence upon stability. When the atmos-

and GT’/T*

phere was thermally stable, slow wave motions frequently
increased op even though turbulent mixing was lackirg.
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1. Introduction

The turbulent vertical heat flux, H, in the atmos-
pheric surface layer cver a horizontally uniform surface
can be determined from

H=op <, w'm’ (1)

where o is the air density, cp is the specific heat of
air, w is the vertical wind velocity, and T is the air
temperature. The bar denotes a time average and the prime
denotes an instantaneous deviation from the time-averaged
quantity. The major difficulty with making eddy correlation
measurements of turbulent heat transport is in measuring
the vertical wind. This requires an accurate and stable
anemometer that measures the wind components with a suf-
ficiently high frequency response for use close to the
surface where the fetch requirements are minimum. At
present, the most promising anemometers are sonic anemom-~
eters, either pu.sed wave {Mitsuta, 1966) or continuous
wave (Kaimal, et al., 1968), and the pressure-sphere
anemometer (Thurtell, et al., 1969). The pressure-sphere
anemometer 1s smaller than sonic anemcrieters and thus can
be used closer to the surface where eddies are smaller.
This paper describes the measurement of turbulent
heat transport with the pressure-sphere anemometer and a
small, fast-response, resistance thermometer. Measure-~
ments of heat flux above alta fescue are compared with
independent measurements made by others at the University
of California at Davis as part of the 1967 Cooperative
Field Erperiment sponsored by the Atmospheric 3ciences
Lahoratory, U. S. Arnry Flectronics Cammand, Ft. Huachuca,
Arizcna. Also presented are measurements of heat fiux
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made in 1968 over snap beans at the University of Wisconsin
Hancock Experiment Farm. A summary of the standard devi-

ation of temperature, o divided by the dimensicnless

T'
temp2rature scale, T,, and of cerrelation coefficients
for wind and temnerature also is given for measurements

over tne akhove two surfaces,

2. Equipment, sites, and comparison measurcements.

a. Pressure sphere anemometer-thermometer assembly

A fine-wire-resistance thermometer (Wesely, et al.,
1369) was mounted parallel to the horizontal ports of the
pressure spvhere (Thurtell. et ai., 1969), as shown for
a 3-cm diameter sphere in Fig. 1. The closest edge of
the thermometer was about 1.25 cm from the 3-cm anemo-
clinometer and about 2.5 cm from the 8-cm anemoclinometer.
The tharmcmeter was placed so that the sensitive element
was slightly upwind of the leading edge of the pressure
sphere; tests showed that this forward placement was
necessary to prevent thermal modification cf the air that
flowed to the thermometer past the large thermal mass o=
the sphere. The thermometer was outside the angle of
acceptance of the anemoclinometer and tests showed that
the flow patterns around the sphere were not significantiv
affected.

When the 1967 data were obtained, the anemometer was
rotated in azimuth manualliy in.o the meaa wiad at the
beginring of each half-hour run. During 196:3. a motcr
assembly. coatrolled by the anemomster. rotated the mast
to point trne anemometer int> th= wind. The azimuth
rctation of the mast was monitored with a potentiometer
attached to the base of the mast and was includad in the
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Fig. 1.

Arrangement of thermometer with
the anemoclinometer.
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calculation of the components of the wind vector.

b. Data handling

The current through the thermometer wes kept nearly
constant at £.3 ma by its bridge, which was located about
5 m from the thermometer. The bridge output was fed
directly into a floating differential amplifier with a
1000 gain, to provide a signal with a temperature sensi-
tivity of about 0.6C vl The amplifier output was
transmitted through i50 m of ~able to the instrument
trailer. The tharmometer and anemometer signals were
fed to 2 scanner-converter and an EMR computer as de-
scribed by Thurtell, et al., (1969). The sampling rate
was 40 sec”® in 1967 and 150 sec ® in 1968.

The outputs of the thermometer hridges were filtered
in the amplifiers to match the phase shifts and response
of the pressure-sphere anemometer and also to avoid high
frequency noise. The response of the two systems are
shown in Fig. 2. The curves for the anemoclinometers
are roughly representative of the vertical wind component.

¢. Site descrintion

A description of the site of the 1967 Cooperative
Field Experiment, and our instrument locations as well as
the lorations of other relevant instruments nay be found
in Thurtell, et al., {(1969).

The 1968 meacurements at Ilancock, Wisconszin were on
a 100x 160 m field of snap beans planted in rows spaced
at 99 cm. The snap heans were about 30 cm high and
provided about 50% cover over Plainfield sand. The
fetch vas 60 m to the north, 50 m to the east and west
and 199 m to the south. Beyond these bourdaries to the
south was alfalfa extending for 150 m to a 15-m high
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woods and to the west was an alfalfa field extending

100 m to a 10-m high shelter kelt, to the northwest were
low crops extending 200 m to a shelter belt, and to the
east was alfalfa extending 300 m tco a woods. The wind

was predominately from the south and west during the
tests.

d. 1Independent measurements of sensible heat flux

During the 1967 Cooperative experiment, Dr. C. R,
Stearns, University of Wisconsin, measured wind, tempera-
ture, and vapor pressure profiles at three locations in
a triangular array. At the same locations, he measured
net radiation and soil heat flux density for energy
balance calculations. The sensible heat flux was calcu-
lated from the energ balance using Bowen's ratio,

8 = yAT/Ae, determinel from vertical temperature and
vapcr pressure differences measured over the same height
intervals within 120 cm o:f the surface. An aerodynamic
calculation of the sensible heat flux also was made using
the wind and temperature profiles to find the shear
stress with a KEYPS-type analysis and then using simi-
larity (K, = KM) and the profiles to find the heat flux.
Dr. Stearns supplied us data from both analyses.

The University of California-Davis group measured
the evaporation with a < -n diameter weighinug lysimeter
(Pruitt and Angus, 1960). In addition, thcy meusured
net radiation and scoil heat flux near the lysimeter.

The sensible heat rlux density was calculated by dif-
ferencing the enercy bhalance terms as 11 = nn—G—E. The
Davis grovp also measured the sensible heat flux directly
with an Evapotron (Dyer and Maheir, 1965). Both measure-
ments were supplied to us by Nr. W. 0. Pruitt, University

-
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of California-Davis.

The University of Washington group measured the
sensible heat flux both with a one-dimensional sonic
anemometer thermometer (Kaimal and Businger, 1963) and
with a three-dimensional unit (Mitsuta, 1966)., These
data were supplied by Dr. J. A. Businger.

The comparison data at Hancock, Wisconsin were
obtained by differencing measurements of net radiation,
soil heat flux density and evaporation. The evaporation
was measured with a 2.1 x 5.5 m weighing lysimeter
(Black et al., 1968), the net radiation was measured
with a large Funk radiometer, and the soil heat flux
was measured with soil heat flux plates (Fuchs and Tanner,
1968) 2nd integrating soil thermometers (Tanner, 1958).

3. Heat flux density comparisons

During the 1967 Cooperative Field Experiment, fetches
were easily in excess of 100 m, except for small changes
in elevation, since the wind was predominately from the
south and southwest where fields had similar vegetation
and roughness.

Feat flux estimates by the pressure-sphere anemometer
and thermometer system (called the P.S.A.T. hereafter) were
averaged from two l-m high units and one 4-m high unit to
cive the results shown in Fig. 3. There was no systematic
difference of heat flux measured at the two heights except
from 1615 to 2015 on April 27, when the data from the
higher mast were discarded. Heat flux data from a three-
dimensional, sonic anemometer-thermometer at four meters
ahove the surface ard one-dimensional, sonic anemometerx-
thermometer 2.2 m high agreed well withk the P.S.A.T.;

thie scatter of estimates at our three different P.S.A.T.
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sites frequently is of the same ovder as the difference
betweer our data and that of the sonic anemometer-
thermonmeter.

The eddy-flux from the Evapotron is shown on Fig., 3
for May 4 and 5. 'The wide fluctuations may have bz2en dve
to the averaging process to remove the mecn wind and
temperature terms since a time constant of caly one
minute is used in this system,

Several indirect estimates of sensible heat flux are
also shown in Fig. 3. The energy balance estimates
obtained from differencing the energy balance H = Rn-G-E
appcar high during the day and low at night. Siace [Rnl
and |E! are much larger than |H|. a smell relative error
in these terms could produce a larqe: relative error in
el .

The results from the Bowen ratio energy balance and
those from the aerodynamic method are the averages or heat
flux data from three sites. These methods are nearly inde-
pendent, but not completely so, because they use the
same temperature profiles. Both methods show remarkably
good agreement wi*h the P.S.A.T.

In Fig. 4 is shown the average of heat flux estimates
at two P.S.A.T., sites. Both sites were 117 cm above the
soil surface until 1030 when one site was moved to 210 cm
above the surface. Since estimates of heat flux by the
P.S.A.T. at 210 cm from the soil surface were not system-
atically different from the 117-cm high site, fetch was
considered adeqguate, On another day, we compared measure-
rments with one P.S.,A.T. at 75 cm and the other at 117 cm
and found no systematic differecnces.

The energy balance estimate of heat flux leads the
P.5.h.7. estimate in the morning. This was probably due
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Fig. 4. BHeat flux density estimates over snap heans.
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to @ time lag in the evaporative flux caused by unrepre-
sentative heat storage in the lysimeter (Bla~zk, et al.,
1¢68) . This also could have caused an overestimate orf
the wagnitude of the heat flux after sunset. The low
valve (i 1015 was caused by an unexplainably large

estimate of evaporative flux.

4. Temperature structure

vhen the data used in this section were collected,
¥ and v were constant with height, withii. the accuracy
of our measurerents; thus we c:n use H and r as scaling
factirs as described by Monin and Obukhov (1954). They
defirie » cdimensionless height ratio z/L where z is the
neight from the surface and L = -uz gcpT/(kgH) (v, = (T/Q)%

is the friection velocity; k 0.428 1s Karman's coastant,

and g = 980 cm sec“z]. The relationships obtained between
our measureme:its ¢f z/L and our measvrements of the corre-
lation coefficients L, T and Loy, ¢ and of the ratio
(u'T'y/(w'T’) are given in Fig. 5. Fig. 7 shows the

relation ¢f 2/1. to a dimensicnless standard deviation of

temperature, oT/T* [”T is the standard Geviation of air

temperature and T, = -HE/(koc_u,)}.
it appears that (u'T')/(w'T') ~ 4 for »/L = 0.1 and
~ 2.5 for z/L = -6.05. The large scvatt2r indicates that

more meaningful results might have been obtained from
sampling periods shorter than the 30 min used., For
instance, Zubkovskii and Tsvang (1966) obtain less
scatter by using running means of the winds and tempera-
tures from electrical filters with time constants of

100 sec and 80 sec, respectively. Fig. 5 shows that air
temperatures are more closely coupled with horizontal

winds than with vertical winds since \xu Tl>\rw T\'
’ )
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This is especially true for stable conditions. As shown
in Fig. 6, the fluctuations of air temperature and
vertical wind during unstable ~onditicns are much larger
and faster than during stable conditions: however, it
has been observed that slow wave motion (not evident in
Fig, 6) freguently occurs at night when the wind speed
is low. <Then the tenperature at a stationary height

in a highly stratified atmosphere fluctuates as much as
3C every S50 to 200 sec, the period of the slow waves.
This oscillation substantially increases S and probably
accounts for some small values of rw'

and \ru for large

T !

positive values of z/L.

In Fig. 7, cT/T* is plotted against z/I, and aprears
to scale well for unstable conditions, except near z/1, = 0,
where T, = 0. A function suggested bv Dyer (1965) is
drawn followinyg Panofsky, et al., (1¢67). Data from
Russian sonic anemometers and resistance thermometers
(Mordukhovich and Tsvang, 1966) and data from a one-
dimensional sonic anemometer-thermometer /Rusinger et al.,
1967) are also included in Fig. 7. The ?.,3.A.T. data
agrees well with the Russian data, but appears lower
than the data summarized by Panofsky et al., (19€7).

The large scatter for stable conditions may be
caused in part by small absolute errors in v and H, since
both v and J{ are about ten times smaller at night than
during the day; however, slow wave motion may increasc
7. Without increasing the heat flux enough to keep
~/T, fzom increcasing whenever these large-scale dis-
t;rbances occur. Since Mordukhovich and Tisvang (1966)
use a running mean of temperature with a time constant
off €0 sec, temperature oscillations with periods longer
than 20 sec are substantizlly attenuated, causing their
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estimates of ’TT/T* to have less scatter and be lower
than our estimates. Measurements during stable con-
ditions, when the wind speeds were at least 2.5 m sec”t
at 1 m, have less scatter; mixing is probably alequate
then to prevent domination by large-scale disturbances.
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ABSTRACT

Eddy correlation measurements of water vapor flux
denszity have been made using a barium fluoride film
humidity sensor. During morning and evening periods,
good agreement was obtained ketween eddy correlation
data and two independent methods. Serious disagreement.
between measurements occurred only when the humidity
sensor was operating within a poorly defined portion of
the calibration curve which was not suited to on-line
calculations. The results indicate that the humidity
sensor could be modified to allow operation at all
times within well defined segments of the calibration
curve and permit successful eddy correlation vapor flux
measurements within one meter of the surface. (Key Words:
Humidity sensor; eddy ccrrelation; vapor flux)
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Introduction

Of the micrometeorological methods currently avail-
able for determining evaporation, the eddy correlation
approach is most satisfying since it requires the least
number of basic assumptions. The equation which describes
the evaporation as latent heat flux density, may be
written as

F, =2 [aw+q'w] (1)
where ) is the latent heat of vaporization, g is vapor
concentration (absolute humidity) and w is the vertical
wind velocity. The overbars indicate time averages and
the primes indicate fluctuations about the mean. The

surface evaporation, E, will be equal to
E=1[adw) (2)

when w is equal to zero.

Although eddy correlation measurements of sensible
heat flux have beer made [Kaimal and Businger, 1963;
Businger, e al., 1967; Wesely, Thurtell, and Tanner,
1969] evaporation measurements have been limited by
slow humidity sensors. Dyer and Hicks [1967] and
Goddard and Pruitt [1966], using fine-wire psychrometers,
found that measurement at four meters was neccessary
where larger and slower eddies could be recorded by
these relatively slow elements. At these elevations,
however, storage and advection errors occurred
unless there was a very long fetch. 1In order tc work
closer to the ground, we have investigated the possible

i3
iy
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use of a rapid-response barium fluoride film humidity
sensor [Jones, 1967]. Bean and Florey (1968] report on
the use of this sensor for measuring evaporation at two
meters above Lake Hefner, However, their system was
limited by the relatively slow response of an anemomcter-
bivane and not by tae humidity element's response. We
believe that in association with a fast response wind
vector sensor the barium fluoride f£film humidity sensor
can allow measurement. of evaporation considerably closer
to the surface.

Instrumentation and Methods

Barium fluoride film humidity sensor. The barium

fluoride humidity sensor ccnsists of a glass plate of
approximately 10 ¥ 2 x 0.16 cm on which a 0.3p-thick

film of barium fluoride has been evaporated over closely-
spaced, evaporated chromium electrodes. The electrical
resistance is measured between the electrodes. Jones
[1967] reports in detail on these sensors and their
properties.

The particular elements used in the present work are
calibrated by determining their resistances over a series
of known relative humidity solutions from 12 to 97%.
Plots of the logarithm of sensor resistance against rel-
ative humidity consist of three linear segments. Un-
fortunately, sensor calibration is not stable for an
unlimited time and degrades substantially over a period
of sevcral months. Calibration curves indicating changes
over time are shown in Fiqgure 1.

In order to use relative humidity measurements in
the eddy correlation method, a reference tcmperature nust

be measured. During preliminary tests at Davis, California

REEERAL o
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Fig. ). calibration curves for a barium fluoride
film humidity sensor showing changes with
tire.
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in 1967, we used the air temperature; the results showed
that the sensor film temperature should be used as the
reference for converting relative humidity to absclute
humidity and must be monitored. Accordingly, a 127u
micro-bead thermistor is cemented with a very small
amount of clear epoxy to the center of the sensitized
surface, A linearized bridge is used with the thermistor
for the surface temperature measurement.

The sensors also have clectrical leads cemented to
them. Vapors from the epoxy used to attach the leads and
thermistors caused an immediate calibration shift, and
it is possible that the drifts shown in Figure 1 were
accelerated by the early exposure to organic vapors.

Electronic circuitry. A block diagram of the cir-
cuit used with the barium fluoride humidity sensor and its
associated thermistor is shown in Figure 2. The two most
important features of the system are the logarithmic ampli-
fier and the phase adjustment. The logarithmic amplifier
provides an output volitage that is linear with relative
humidity as shown in Figure 1. The phazse adjustment is
necessary because at low humidities, and with very high
sensor resistarnces, there is significant capacitive react-

ance. The phase is adjusted to null the capacitive react-
ance while the sensor is at very low humidity over a

desiccant: no further adjustment is required throughout
the full humidity range. The capacitive reactancc is
associated with the linear secment at the lowest humid-
ities of the calibrations curves of Figure 1. The
importance of this segment with its relatively flat slope
and its shift to higher relative humidity ranges with
time becomes a problem as discussed later.

Eddy correlation system. The fluctuating wind vector

needed in (2) is measured with the pressure sphere anemomeces,
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details of which are reported by Thurtell, et al., (1969).
The barium fluoride humidity sensor is mounted to the
side of pressure sphere anemometer and a fine-wire
resistance thermometer is mounted on the other side
(Figure 3). The thermometer provides air temperatures
which, when used in the heat equation analogous to that
of (2), gives the sensible heat flux density (Wesely,

et al., 1969). Figure 4 gives a plan view of locations
of the various components. 1In addition, <..d not shown

in Figures 3 and 4, a small sunshade was elevated 15 to
20 cm above the humidity sensor. The shade was used
since radiational heating often caused sensor temperatures
to rise as much as 10 C above air temperature, which, in
turn, caused the effective relative humidity of the sen-
sor to fall into its least sensitive, very dry, range
(above or near knee in Figure 1).

We anticipated that the spatial grouping of sensors
was small enough and the sensors had sufficiently high
frequency responses to measure transport occurring in
small, high-frequency eddies found within one meter of
the surface.

Calculations were made on-line by transmitting analog
voltages cf relative humidity, sensor surface temperature,
and anemometer pressures to an analog to digital converter
and an Electro-Mechanical Research 6130 computer (8001
Bloomington Freeway, Minneapolis, Minn. 55420) housed in
an instrument trailer. Sampling rate was 150 times per
second with data acquisition for 28.5 minutes of each
half hour and summary data calculations and typewriter
output for the remainder of the time.

i servo-mechanism rotated the instrument system
assembly into the wind as wind direction changed. Therefore,
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data was acquired automatically, except for sunshade
adjustment, gain adjustments, and equipment maintenance
which were done during data printout.

Field trial site. During September 1968, vapor
flux measurements were made at Hancock, Wisconsin over

snap beans (Phaseolus vulgaris), which were 30 cm high.
A pressure :nhere anemometer with humidity sensor was
located 60 m south of the instrument trailer with a bean
fetch of 60 m to the north, 50 m to the east and west,
and 100 m to the south. A 100 m to 200 meter fetch of
alfalfa-brome pasture extended beyond the beans to
shelter belts which were 15 meters high. A second
anemometer without a humidity sensor was located 10 m
west of the previously described site.

The instruments at the humidity sensor site were
at an initial elevation of 1.17 m above ground surface.
This elevation was maintained until 1030 on the 1l4th
whei it was raised to 2.10 m. The 2.10 m elevation was
lowered to 0.75 m following 0630 on September 15. On
September 20 the elevation was 1.17 m. The changes in
elevations were used to try to detect the affect of eddy
size and frequency on sensor response.

Additional site instrumentation provided two other
measurements of latent heat flux density for comparison

with the eddy correlation data. One was evapotranspiration
measured with a hydraulic load-cell lysimeter [Black, et al.,

1969]. The other measurement was made using the energy
balance equation

E::Rn-G-Ha (3)

The net radiation, Rn' was measured with a Funk net
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radiometer, the soil heat flux density, G, was measured
using soil heat flux plates in conjunction with ther-
mometers, while the sensible heat flux density, H,, was
obtained from the average of the two eddy correlation
measurements [Wesely, et al,, 1969].

Results

Half-hourly values of latent heat flux density from
(2), (3), and the lysimeter are compared in Figure 5 for
September 12, 13, 14, and 20. On September 20 energy
balance data were unavailable. This figure also shows
half-hourly mean values of relative humidity as measured
by the barium fluoride sensor and wind speed measured
by a cup anemometer mounted at 1.32 m approximately 25 m
southwest of the eddy correlaticn sites.

Several conclusions can be drawn from these compar-
ative data. First, there is excellent general agreement
both in trends and in magnitude between the lysimeter and
the energy balance data; this confirms the validity of
our independent measurements used for comparisons. Sec-
ondly, for the most part, the eddy correlation data prior
to 1000 and past 1600 on each day show good agreement
with the other two sets of evaporation data, while during
the mid-day period they are one-half to one-third the
other data. Thirdly, during data collection at elevations
of 1.17 m to 2.1 m, no apparent systematic differences
could be detected in sensor response by comparison with
th.e independent. methods. Figure 5 presents no data for
the 0.75 m elevation since only two hours of morning
data were ccllected, but these limited data are also in
good agreement with the independent measurements.
fFourthly, although wind speed is correlated with eddy
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Fig. 5. Diurnal trends of latent heat flux density from
eddy correlation measurements, from energy balance
and lysimeter data, and diurnal trends of windspeed

and relative humidity.
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frequency, there was no association between periods of
either good or poor agreement and windspeed. Finally,
there is a strong correlation between periods of poor
agreement and mean relative humidities, as seen by the
sensor, of less than about 45 percent.

In Figure 1 the August 31, 1968 calibration curve
shows a sharp break in slope at 42 percent relative
humidity. This critical value was determined by extrap-
olation, while the actual change was most probably a
gradual one over a ARH range of 8 to 10 percent. The
slope of the calibration curve is one of the constants
required for the on-line computer program, and during
periods when the mean relative humidity was near the
knee of the calibration curve, vapor flux density could
not be satisfactorily computed. Figure 5 shows that all
periods of poor agreement occur when the mean relative
humidity was less than or only slightly in excess of the
critical value, 42 percent. A portion of this decrease
in sensor-perceived relative humidity during mid--day
periods is attributed to radiational heating. Aswind
direction and sun angle varied, the small sunshade in a
fixed positior relative to the humidity senscr Zrequently
did rot shade the sensor. Visual inspection of shade
orientation and adjustment of its position were possible
only in the 1.5-min intervals at the end of each half-hour,
and not during data collection.

The pressure sphere anemometer measurements associated
with the humidity sensor gave a lower mean horizontal wind,
and more negative o ;T;T than those from the anemometer
without a humidity sensor attached, We doubt that this
was due to spatial heterogeneity of the row crop: it
most likely was due to locating the barium fluoride element
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too far forward (see Figure 4) where it interferred with
the wind flow when wind was from the side. Any errors
in the cross-wind measurement affect the wind coordinate
transform,

Recommendations

The field weasurements indicate that the barium
fluoride film humidity sensor has sufficiently rapid
response to allow reliable eddy correlation measurements
of vapor flux within a meter or less of the surface.
Modifications to the present system should be: (1) The
sensor ccnfiguration should be changed from a plate to
a cylinder, with cooling tubes inside the cylinder to
maintain the sensor at or below ambient air temperature.
Such a change would permit temperature control of the
sensor so that the operating point on the calibration
curve could be kept away from any "knee". The cylindri-
cal configuration also should affect air flow around
the sphere less than the plate. (2) Since the sensor
calibration is altered by contamination with time, BaF,
films should be applied as close as possible to time of
use, The BaP2
thermistor and ieads have been attached previously.

should be coated on elements to which

Fiilms should be recalibrited frequently during field
use, (3) Further tests should be made of the optimum
sensor location with respect to the pressure sphere to
assure minimum interference. Certainly the forward end

of the sensor should be behind the sphere. (4) Frequency

characteristics of the sensor should be established to
allow matching amplitudes and phase shifts to the wind
measuring system.
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A FAST-RESPONSE THERMOMETER
FOR EDDY CORRELATION MEASUREMENTS,

M. L. Wesely, G. W. Thurtell, and C. B. Tanner
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Eddy-correlation measurements of sensible heat flux
close to the earth's surface require fast-responding,
spall thermometers; these can be made with fine resist-
ance wire. Resistance thermometers with 13 y diameter
(e.g. McIlroy, 1955; Dyer and Maher, 1965; Hyson, 1968)
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