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ABSTRACT

A turbulence instrument described earlier (Hogstrém, 1967), and used in an extensive
micro-meteorological field project, has been examined critically. Static wind tunnel
calibrations give accurate, reproducible results. Field mocasurements and theoretical
considerations indicate complications in the dynamical situation, however, It is shown
that the instrument is well suited for the measurement of the horizontal component of
the wind and its rapid fluctuations. For the measurement of the turbulent fluxes of
sensible heat and of water vapour a correction of order of magnitude 10 % must be
applied. The instrument is further shown to be unsuited for measuring the shearing
stress and the variance of tho vertical velocity component

1. Introduction

In the Marsta micro-meteorological field pro-
ject a large number of experiments (see Hog-
strom, 1974) were performed with the turbulence
instrumentation shown on Fig. 1. It consists of
three parts: a wind instrument, one ‘dry’
thermometer and onc ‘wet’ thermometer. The
latter two instruments are exactly the same as
the corresponding parts in the first presentation
of this turbulence instrumentation (Hogstrom,
1967), and their behaviour is well known (see
Smedman-Hégstrom, 1973). This report will
concentrate entirely on the wind measuring
equipment.

The version of this instrument used in the
Marsta projeet is in prineiple not different from
the original version, presented in Hégstrom
(1967). Thus, it consists of a wind vane with
two pair of plates, onc oriented vertically, the
other horizontally, as shown in Iig. 1. Each
pair of plates consists of three parts (see Fig. 2):
(1) A rectangular block of plexiglass which is
fixed to the instrument; (2) Two elastic beryl-
lium copper strips (0.2 mm thick), fixed to the
plexiglass block at one end; (3) Two rectangular
plates (36 x 54 x 0.5 mm) of superpertinax which
are fixed to the free ends of the beryllium
copper strips. On both sides of these strips 600 Q
strain gagues have been glued, which arc
connected in a Wheatstone bridge.

In Hogstrom (1967) certain results of static
wind tunnel calibrations were given. Calibra-
tions of this kind has been repeated, and this
time in a much bigger wind tunnel where the
entire instrument could be inserted in the test
scetion (the earlier calibrations were performed
in a small tunnel where only a pair of plates
could be inserted). The results of these calibra-
tions are given 1n the next Section. However,
analyses of the field experiments performed at
Marsta, clearly indicated that these static cali-
brations did not tell the whole story about the
instrument. Therefore a critical examination of
the dynamical behaviour of the instrument was
carried out. This study is presented in Section 3.

2. Static calibrations

The calibrations were performed in the low-
speed wind tunnel of the Department of
Aeronautics of the Royal Institutz of Tochno-
logy in Stockholm. The tunncl i3 of the closed-
circuit type, with a 4.6 meter long test section
and octogonal cross section, 2.1 m wide and
1.5 high. The turbulence level in the test scetion
is very low, so the flow can be considered
laminar for our purposes. The whole instrumen-
tation (including the thermometers) was placed
in the tunnel. The shaft was fixed to a pivot,
so that the whole instrument could be tilted
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Fig. 1. The turbulence instrument used in the
Marsta micro-meteorological field project. Resistance
thermometers for ‘dry’ and ‘wet’ temperature to the
right and left respectively.

about a horizontal axis perpendicular to the
flow, in order to obtain a ‘vertical’ wind com-
ponent, i.e. a wind component along the instru-
mental axis.

For the sake of simplicity, the following no-
tions are introduced:

the z-plates =the vertically oriented pair of
plates

the x-signal =the signal from the z-plates

the z-plates =the horizontally oriented pair of
plates

the z-signal =the signal from the z-plates.

In strictly horizontal flow the z-signal is of
course zero, and the wind speed is obtained
from the wz-signal. In Hogstrom (1967) it was
shown that the output from the plates at
perpendicular attack is proportional to the
square of the wind speed, 1.e.

U,- ]/i (1)
b

where b, is an instrumental constant, the index
x referring to the wx-signal. Several calibrations
in the intsrval 0.5-15 m/s indicate that this
relation holds within the accuracy that the
wind tunnel spaed can be detzrmined.
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The stability of the calibration could be
checked regularly by a very simple method: A
series of plates were made out of widely different
materials (paper, plastic, aluminium and copper)
and of different thickness but of exactly the
same size (36 x54 mm) as the wind sensing
plates. These plates were made in pairs, so that
two identical test plates could be placed on the
two plates of the instrument, which were now
placed horizontally in a special supporter. Now,
a certain pair of test plates gave rise to a signal
corresponding to a certain wind speed. The series
of testplates was designed as to correspond to
ten different wind speeds in the range 0.5-15
m/s. These checks showed a remarkable con-
stancy in the calibration constants, b, and b,, of
the different pairs of plates used during the
project (b, is the instrumental constant of the

Strain gauge

//

Strain gdauge

Fig. 2. A pair of wind-sensing plates. The outer
rectangular plates are fixed to elastic beryllium
copper plates, which in turn are fixed to the central
plastic block. The bending of the elastic plates is
transmitted to electrical signals by strain gauges
glued on both sides of the plates. (From Hoégstrom,
1967.)
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z-plates, corresponding to b,, i.e. the quotient
between the z-signal and the squared wind speed
at perpendicular attack).

The behaviour of the instrument at other
angles of attack than 90° was tested carefully at
several occasions. The first and important
result, reported already in Hogstrom (1967), is
that the quantity

@) ==(g)/= (90°) (2)

is independent of the wind speed and the same
for all pairs of plates (of the same shape). This
implies that if the wind has an inclination ¢ to
the horizontal the modulus, U, of the wind
vector is obtained by combining eqgs. (1) and (2):

I

vo ) —2— 3)
b, - /(90° - ¢)

It also implies that

be__Ilo)
b, @ 4)

z
xb, 1(90°—g)

is also a funection of ¢ only. If the function
G =G(p) is known, the angle ¢ can thus be
obtained from the z-, and z-signals, according to
eq. (4), and then the Cartesian components of
the wind vector are respectively:

u=U cos¢-cosy
v="U cosp-siny (5)
w="Using

where y is the azimuth deviation from the mean
wind direction during a run. This angle was
obtained as the output from a low friction poten-
tiometer coupled to the vane.

The function G(g) is very complicated. Fig. 3
shows the results of a detailed calibration in the
range —60°<p<60°. The curve has been
obtained as a result of both rising and falling
series of ¢ —s, and the result is no doubt fully
reproducible.

The curve of Fig. 3 can easily be adapted to a
form convenient for use with a computer. A
complication of more fundamental nature is the
fact that there are three @-values for each G-
value in two ranges: +21°<¢< +33° and

—35° <@ < —17°. This is, however, of very little
practical importance. It is possible to show, by
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a straightforward analysis that if the computer
is instructed to make a random choice between
the three possible g-values corresponding to a
certain G-value, the error introduced in the
determination of the turbulent fluxes is very
small: If the standard deviation of ¢ is 10°, the
error is ca. 0.029% and if the standard deviation
is 20° or 30° the error is about 0.1 %. The details
of that analysis are omitted here, as other
errors, described in the next section, are of far
greater magnitude.

3. Behaviour of the instrument in the dy-
namical situation

At a few meters’ height over an extensive,
flat site the mean vertical wind component is
very close to zero for & measuring period of the
order of half an hour. Then the corresponding
mean value for the z-signal, Z, should also be
very close to zero. The lack of symmetry of the
G(@)-curve, as evident in Fig. 3 can be shown
to introduce a very small zero offset. In the
actual runs Z is in general far from zero. When
these measured Z-values (normalized for possible
differences in b,) for the different runs are
plotted against the mean wind speed, Fig. 4 is
obtained. The crosses are for unstable and near
neutral and the rings for stable stratification.
Apparently the Z-values are closely correlated
to the mean wind speed of the runs, particularly
for the unstable cases. This zero offset for the
z-signal is so large that it cannot be explained
in terms of any reasonable ‘static’ effect one can
think of. It is necessary to review the behaviour
of a flat plate exposed to a changing flow. The
following general discussion is based on Batche-
lor (1967).

If a flat plate is suddenly exposed to a flow
that makes a certain angle to its plane, the
streamline pattern is of the type shown in Fig.
5a: the pattern is entirely symmetrical, with one
stagnation point near the leading edge on the
lower side and another stagnation point near the
trailing edge on the upper side. In this initial
stage the circulation around the plate is zero and
hence the lift force 1s also zero, because

1ift force = (density of the air) x (velocity of
the air) x (circulation)

Now this situation cannot exist in equilibrium.

Tellus XX VI (1974), 6
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Fig. 3. Angular response of the turbulence instrument in static calibration. g is the angle between the flow
and the plane of the z-plates. The ordinate gives the function G(g).

A boundary layer separation takes place on the
upper side of the plate, which results in the
formation of a vortex at the trailing edge (Fig.
5b). Next, this vortex is swept away by the
flow (Fig. 5¢). As the circulation around an
area enclosing the plate and the vortex (ABCD-
EF) is zero, the circulation left around the plate
(ABEF) is equal in magnitude but opposite in
sign to the circulation around the wvortex
(BCDE). Now the flow pattern has changed to
the new, non-rotational equilibrium state of
Fig. 5d: the upper stagnation point has moved
to the trailing edge, making the velocity there
finite.

During the course of events deseribed above,
the circulation (and hence the lift force) changes
from zero to an equilibrium value. But the
z-signal is proportional to the lift force and
should thus vary accordingly. This means that
every time the wind vector changes rapidly, a
systematic error in z arises. If the accelerations
are not symmetrically distributed between up-
winds and down-winds, this would result in a Z
which is different from zero, as found (Fig. 4).

Tollus XX VI (1974), 6

To analyse the influence of the above discussed
effect on the turbulent fluxes, the following
notions are introduced:

Zp =2; T Az

Pm =9t + Ag

Wy, =w; + Aw

where the index m refers to measured quantities
and ¢ refers to ‘true’ quantities. From eq. (4):

_ Al A2h,

zb, zb,

and we introduce the new notion

_Azb,

z b,

AG

Then we can write
do 1 Azb,

Ap="2AG=— 6
LT & = b, ®)

with G* =dG/de.
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The last of eqs. (5) gives:
Wy, = U sin(p+Agp)=U sin ¢ cos Ap
+ U cosp sinApxw (1 +Ap)+ U(l +¢) Ap

wy Az Az

U, G'Ub,

(7

=w;+2

where egs. (1) and (6) have been used.

First we will use the result, eq. (7), to seek
an expression for the error in the variance of the
vertical velocity, w%

A A _1—'24w2~[1+4w’
= (= w o w
@i\U Ut U

+ correlation terms

If we skip the correlation terms and put
Az? = (Az)?, we can make a rough estimation of
Aw? at different wind speeds, taking Az from
Fig. 4, and inserting typical values from the
runs. The result is that the error is very large
for low wind speeds: for U =2 m/s Aw? =0.64 m?/
s2. It then decreases rapidly with inereasing
wind speed, being only ca. 0.006 m?/s* at
U =5 m/s.

Multiplying eq. (7) throughout by «’ and
rearranging terms, makes an expression for the
error in w'w’:

I I | | | ] ] | v
0 1 2 3 [ 5 6 7 8 9 mis

Fig. 4. Run-mean offset of the z-signal as a function
of run-mean wind speed. The line has been fitted
by eye to the crosses which represent unstable or
near-neutral runs. Rings represent stable stratifica-
tion.
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Fig. §a—d. A thin plate in a starting flow. (After
Batchelor, 1967.)

AT = s 2(“’thz 1
UW )= U Wy, — U W= =3V =
" P \@+w) @b,
u' Az 1
+{——) =
a-+w] G'b,

With the following approximation

1 1 1 R 1
a+u)’) " 2\at+u’ + 2au DAt - 2aw

the above expression becomes:

’ - 2
Qu'w' Az + ' Az —u' Az

==
uAz

Aluww'y =

A
WAz
@ b, -t

—

B

X

(9)

The error in «w'w’ is thus expressed as & product
between two factors: 4 which contains correla-

Tellus XX VI (1974), 6
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Fig. 6. The error in the turbulent measurement of w'w’ as a function of the quantity B of eq. (9). (uw'w’),
= —ux2, which has been determined from low-level mean wind measurements by a stability dependent ‘skin

friction method’ (Hogstrom, 1974).

tions between the fluctuating wind components
and the fluctuating error in the z-signal, and B,
which only contains quantities which are expli-
citly evaluated during each run. B can thus be
determined for each run in constrast to 4.

In Hogstrom (1974) is described how k% =
—w'w’ is determined from measurements of
mean wind speed (measured by a cup anemo-
meter) at a low level (1.14 m). As there are
reasons to believe that these measurements are
farily accurate, we could use them as a reference
for comparison with the corresponding data
obtained with the direct method, that is to say
that

(Ww' )= (Ww'), = Alw'w’)

(10)

where (uw’), is the value obtained from the
cup anemometer evaluations and (u'w’),, is
obtained from the turbulence instrument in the
same run. The quantity (10) has been plotted in
Fig. 6 against the quantity B of eq. (9) for all
the Marsta runs. The following conclusions seem

justifiable: The error in |w'w’| can be very

Tellus XXVI (1974), 6
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large—often bigger than |ww’ | itself. The data
points in Fig. 6 appear to order themselves along
the two different lines drawn in the Figure. It
is reasonable to suppose that one could find
some criteria (such as stability) which would
make it possible to decide conclusively to which
of the two groups of points a certain run belongs.
This has not been tried, however. The reason for
this is that Fig. 6 does not form a very conveient
basis for correcting measured u’w’-values, even if
it could be determined for sure which line should
be used in a given case—the correction is in
general of the same order of magnitude as the
quantity to be corrected and the scatter is
large. It is much better then to use the values
determined by the cup anemometer measure-
ments, used as a reference in this comparison.
Multiplying eq. (7) throughout by the tempera-
ture fluetuation, 77, and rearranging terms,
malkes an expression for the error in w T;

wT"Az ) 1

A(w’T')=<ﬁ>m—<w—'T_'>t=(—~—_ ) —=
@+w) /o,
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(w'T’Az ) 1 wT'Az+2w'T’Az
(@+uw)) b,

(@ —w) b, &

A WTA BTN
b, G (@ — @) Az
¢ D

This expression can be considered as a product
of the two factors ¢ and D, C containing only
parameters which are evaluated for each run,
while D is a triple correlation of which nothing
can be said a priori.

In the Marsta project there was no independ-
ent determination of the flux of sensible heat,
so we cannot plot the ‘measured error’ as we
did for the shearing stress. But as net radiation,
R, and ground heat flux, G, were measured, the
sum of the fluxes of sensible heat, H, and of
latent heat, EL,, is known from the energy
balance equation:
H+EL,-R-G (12)
It is possible to form an expression for the error
in the measured water vapour flux which is
exactly analogous to eq. (11) though with e, the
water vapour pressure, substituted for the
temperature, 7. If we multiply that expression
by L,, add eq. (12) and divide by [w'T" + (w'e’)
L,], we obtain:

Alw'T" + (we’) L,]
wT" + (we') L,

Az w Az + (w'e’Az) L,

=== —— (13)
b, G (@" —w?®) Aefw T + (w'e’) L)
Nl
s}
Now
AwT’ +(w'e')L,]  (H,+EmL,) - (R-G)
wT’ + (we') L, E-a
(14)

according to eq. 12. H,, and E,, are the fluxes of
sensible heat and of water vapour, measured
with the turbulence instrument. They are not
the raw fluxes, but the fluxes corrected for
trend and for ‘reduction in flux measuring effi-
ciency’—see Hogstrom (1974). The quantities B
and G were not measured in all the Marsta
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turbulence runs. In order to reduce the scatter
in the diagram, only those runs were used for
which |R—-G| >30 watts/m?® In Fig. 7 the
quantity (14) has been plotted against the quan-
tity C of eq. (13). From the Figure can bs seen
that the relative error varies systematically with
C, being in the mean about —109% for large
negative C, zerc for ¢ somewhere around —-0.5
and ca. +309% for the largest positive C-values
encountered. A curve has been fitted by eye to
the points in the diagram.

As the relative error of the mean is only of
the order of magnitude 10% and the scatter of
the data points relative to the curve drawn is
moderate, it is justifiable to use this curve for
correction of the sum (H + EL,). It is known
that the correlation between the temperature-,
and the humidity fluctuations is very high over
land surfaces (Swinbank & Dyer, 1967, measured
a correlation coefficient 5, =0.9). It is reasonable
then to assume that the curve in Fig. 7 is
equally applicable to H and E separately as it
is for the sum.

At a first glance it might seem surprising that
the relative error in 77w’ and e¢’w’ is so small,
considering the large relative error found in w?
(p. 674), at least for low wind speeds. But look-
ing at eq. (13) and considering the previous
discussion in this paper, it is perhaps not so
strange: It has been well documented that the
instrument measures the vertical wind compo-
nent very accurately during stationary condi-
tions—it is accelerations that cause the errone-
ous z of eq. (13), and there seems to be no
physical reason to expect a close correlation
between accelerations of the horizontal wind
and the instantaneous quantities 4’7" and w’e’.
This triple correlation is apparently not zero,
generally speaking, but it is clearly much lower
than the corresponding correlations between
w'w’ and z, between »” and z and between «? and
z, appearing in eq. (9), which cause the large
error in w'w’, illustrated in Fig. 6. It appears to
be quite in order then to consider Fig. 7a
relevant in situ calibration of the instrument for
the measurement of w’7T"” and w’e’, valid at least
for use at the Marsta site.

As an application, consider the following case.
The correlation coefficient between w and 7' can
be expressed in the following manner:

WL s (15)

Tellus XXVI (1974), 6
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Fig. 7. The relative error in the turbulent measurement of (H + EL,) as a function of the quantity C of

eq. (13).

This quantity is expected to show Monin—
Obukhov similarity in the surface layer, i.e. it
should be & function only of z/L, where z is
height above ground and L is Monin—Obukhov’s
length = — Tuk/(kg w'T). Of the quantities
constituting eq. (15) w'T’, o; and u, have been
determined directly from the measurements at
Marsta and so has L. The quantity ws /o, how-
ever, was determined from Fig. 1 of Wyngaard
et al. (1971). The result is shown in Fig. 8, the
rings being data measured at 3 m and the
crosses data from 12 m. This result agrees very
well with that obtained by Haugen et al. (1971),
their Fig. 11 (if the Richardson number, Ri, of
their plot is converted to z/L with the aid of the
relation obtained by the Kansas group in
Businger et al. (1971). The r, -plot of Fig. 8
contains data from many runs which are not
included in constructing the ‘calibration curve’
(Fig. 7).

The accuracy obtained for the fluxes measured
with the instrument discussed here should be
regarded in relation to the results obtained
during the Tsimlyansk comparison (Tsvang et

Tellus XX VI (1974), 6
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al., 1973), where different types of turbulence
instruments were run in parallel. The compari-
son revealed systematic errors in some of the
instruments due to difficulties to maintain
electronic stability of the complicated measur-
ing systems, which were of about the same
magnitude as the systematic errors found in this
study. After correcting for the systematic errors
remaining, occasional differences in w’T’ ob-
tained with the instruments were of order 109,
in the Tsimlyansk study. As described earlier in
this paper, the Marsta turbulence instrument is
electronically extremely simple and retains its
statie calibration very well (p. 671). In view of
what has been said above it is to be expected
that the occasional error in the determination
of w7 or w'e is not greater than ca. 10%.
The °lift force error’ discussed in Section 3 is
only active for angles of attack less than a cer-
tain, comparatively small value. At larger angles
of attack there is another flow regime. This
should almost always be the case for the x-
plates, and as the horizontal component of the
wind is determined almost entirely by the x-
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Fig. 8. Correlation coefficient 7y, as a function of z/L.

signal (see egs. 3 and 5), we conclude that the
u- and v-statistics (w2, 2 and spectra of these
quantities) are measured adequately by the
instrument. The correctness of this assumption
is verified by the analyses of the measurements.
Fig. 9 shows two examples of u-spectra, one for

T T T TTTIT T
nS,(n)

"

ll!lllll T I|||I1l| T 71
3

o
5 /T\
£ \eo
h\
/ ~
N
TR,
10 oo, _ —
N, A =023
‘ 0%%0.9
f
\Illlll‘ 1 |I1I|H| 1 IllIHlI ]
0.01 0.1 10

Fig. 9. Examples of u-spectra, measured with the
Marsta turbulence instrument. On the abscissa
f=nz|V, where n is frequency, z height above
ground and V¥ mean wind speed. On the ordinate
nS,(n)/u?, where S,(n) is the spectral estimate and

wus =friction velocity. z/L =Monin-Obukhov dimen-
sionless height.

O, runs from 3 m; X, runs from 12 m.

stable stratification (z/L =0.45) and one for
unstable stratification (z/L = - 0.23). The spectra
exhibit the features found by other investigators
(see, e.g., Kaimal et al., 1972), in particular tho
two-thirds slope, predicted by the Kolmogorov
theory for the inertial subrange.

4. Conclusions

The result of the critical examination of the
Marsta turbulence instrument can be summariz-
ed in this way:

The instrument is well suited for measuring the
horizontal component of the wind and its rapid
fluctuations. By applying a correction of the
order of magnitude 109, the following quanti-
tics can easily be measured: the turbulent flux
of sensible heat, H =9C, w'T’, and the flux of
water vapour, & -ow'q.

The instrument discussed in this paper is not
sutted for measuring the following quantities:
the variance of the vertical velocity, w2, and
the shearing stress, v =pu'w’.

Tellus XXVI (1974), 6
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KPUTUYECKASA IIPOBEPKA IIPUBOPOB JJIA USBMEPEHUNA TYPEYJIEHTHOCTU,
NCNOJB3VEMBIX B MUKPOMETEOPOJOI'MYECKOM MPOEKTE MAPCTA

IMpuSop A usmepeHus TypOyIEeHTHOCTH, ONN-
caHHeIl panee Xorcrpemom (1967) m ucnonn-
3yeMblii B 06UIMPHOM MUKPOMETEOPOJIOTUIECKOM
NMpPOEKTe, HOABEPTHYT KPHTHHUECKO! INpOBEpKe.
Cratnueckasa KaJambpoBKa B adPORMHAMUYECKOI
Tpy0e maja TOYHBI, XOPOLIO BOCOPOU3BOAUMBIIA
peayubrar. IlosneBble M3MepeHMA M TEOPETH-
yecKmne coo0paKeHHA YKasulBalT, ONHNAKO, HA
CIIOMKHOCTH, KOTOPHE MOTYT BO3HUKHYTb B [H-
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Hamu4yeckoll cutyauunu. Iloxkasano, yro npubop
XOpoWO NPHCNocobien AJA U3MEPEeHHA Topu-
30HTAJbHBEIX KOMIIOHEHT BeTpa M HX OBICTPHIX
¢ayxryanuit. as msmepenmit TypOyleHTHBIX
MOTOKOB TeIlIa X BOAAHOrO Iapa CJlelyeT IpH-
MeHATh Kopperiuio mnopsapka 10 9%. Hamee mo-
Ka3aHo, 4T0 Npubop He rOAUTCA AJIA U3MepeHui
HANpAKeHni TpeHUs M MU3MEHUMBOCTU BEpTH-
KaJbHO!l KOMIOHEHTEl CKOPOCTH.



