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ABSTRACT 

An instrument for direct measurement of the turbulent water vapour flux has been 
constructed and used in a field program in southern Sweden. The instrument consists 
of wet and dry bulb platinum resistance elements of Australian design and of a new 
fast response wind instrument. The instantaneous wind vector is measured by the aid 
of strain gauges fixed to elastic plates, exposed to the wind pressure. The signals from 
the probes are recorded photographically by a mirror galvanometer with free period 
0.05 sec. With this galvanometer vertical velocities are recorded with an accuracy of 
- +0.01 m/s, when the wind speed is not too low. 

The evaluation of the photographic recordings being highly time consuming, a device 
has been constructed which at least reduces the time required for the evaluation by a 
factor of ten. 

The efficiency of the flux record is controlled by the time constant of the wet bulb 
element which is of the order 0.5 sec. Then according to DEACON almost full recovery 
is obtained in lapse conditions but only c. 80 y, in inversion conditions. 

Experimental data is presented from 45 successful 30-60-min measurements. Com- 
puted water vapour flux data is presented as well as complementary micrometeo- 
rological data. 

Background 
During the years 1955-1963 a cooperative 

investigation of the hydrological conditions at 
the Kristianstad plain in south Sweden was 
performed (see WEIJMAN-HANE, 1961). This 
investigation includes detailed precipitation 
studies (ELLESON & PERSSON, 1961), studies of 
the ground water (LARSSON, 1962), of the run 
off, of the evaporation and of many other as- 
pects of the hydrological problem. Many Swe- 
dish institutions were involved. The Swedish 
meteorological and hydrological institute was 
responsible for the run off studies and for the 
evaporation studies. This paper is the first one 
in a series of four which will report results of 
more general interest from the evaporation 
studies. 

The problem set forth at the planning of the 
evaporation studies was this: To obtain, if 
possible, a continuous evaluation of the natural 
evaporation at a selected place with the aid of 
the flux gradient method. That is, the evapora- 
tion should be evaluated from the formula: 

The work was performed at  the Swedish Mete- 
orological and Hydrological Institute, Stockholm. 

__ ___ 

where E means water vapour flux, e density 
of the air, K the exchange coefficient for water 
vapour and G / a z  the vertical gradient of spe- 
cific humidity. But this means that K must 
be known explicitly at any meteorological con- 
dition. Because of the rather incomplete infor- 
mation available on this point-at least in the 
middle of the fifties when the investigation 
started-it was decided that an  instrument for 
direct recording of the eddy flux should be 
developed. The instrument should be run in 
selected situations, giving samples of the order 
of an  hour of length. From this information, as 
well as from simultaneous measurements of 
at?/& (and of other micrometeorological varia- 
bles), K could then be derived with the aid of 

This paper gives a description of the turbu- 
lence instrumentation that was thus developed 
and applied. It also gives a table of the raw 
data obtained at 45 successful experiments, 
each 30 to 60 min in length, performed at 
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Ugerup, situated about 10 km south of the town 
of Kristianstad. In a forthcoming article the 
data will be analysed in order to obtain the 
exchange coefficients. In  a third article there 
will be presented the results of a continuous 
evaluation of the natural evaporation over a 
period of more than two years with the aid of 
eq. ( 1 )  and the exchange coefficients obtained. 
The series of papers on the evaporation at  Uge- 
rup will be ended up with an article in which an 
attempt to evaluate the water balance is pre- 
sented. 

General construction of the turbulence 
instrumentation 

The sensing unit is reproduced in Fig. 1. It 
consists of a centrally placed wind instrument 
and of a wet and a dry bulb element, placed 
c. 50 cm apart at the opposite ends of a rod, 
which is held in a direction approximately per- 
pendicular to the wind by a rather large vane. 

The wind instrument is of an entirely new 
construction and will be described in detail in 
the next section. 

The wet and dry bulb elements have been built 
from Australian drawings. A slightly different 
type of elements have been shortly described 
by MCILROY (1955 and 1961). 

The wet and the dry bulb elements are geo- 
metrically similar, with the exception that the 
wet bulb element has a tank for distilled water 
at the bottom. The sensing element of the dry 
bulb consists of 600 R 0.001 inch bare platinum 
wire, helically wound on a network of wicks, 
mounted on a light plastic frame, about 7 cm 
high and 10 cm in diameter. The platinum wire 
of the wet bulb element is closely twisted with 
a fine cotton thread, the effective diameter 
being about 0.005 in. This wet bulb wire is 
then wound helically exactly as the bare plati- 
num wire of the dry bulb element. 

The wet bulb wire has been manufactured by 
CSIRO in Australia and kindly supplied by 
them. 

The recording instrument used in a mirror 
galvanometer called “Ultragraph” (manufac- 
tured by AB Svensk Malmletning). The instru- 
ment as a whole is very handy (approximate 
dimensions 50 cm x 30 cm x 15 cm), because the 
light beams from the galvanometer mirrors are 
reflected several times before it reaches the 
photographic paper, where the signals are re- 
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Fig. 1. The eddy flux instrumentation. Wind sensing 
unit is placed centrally. Dry and wet bulb elements 
are situated on each end of a rod, which is held in 
approximately perpendicular direction to the wind 
by a large vane. 

corded. This paper is of 150 mm width. During 
the experiments, the paper is fed at a rate of 
2 cm per second. The paper used is of the kind 
used for X-ray photography, which is not very 
sensitive to daylight though very well for the 
ultraviolet light of the galvanometer beam. On 
the recording paper four signals are being re- 
corded simultaneously: two from the wind 
instrument and one from each of the wet and 
dry bulb elements. The galvanometers used 
have slightly different sensitivity. A represen- 
tative figure is 13,000 mm/mA. The free period 
is c. 0.05 sec. 

The wet and the dry bulb elements are each 
connected in Wheatstone bridge, fed from dry 
cells. The measuring current used is 1, 2 or in 
some cases 4 milliamperes. With 2 mA a tem- 
perature change of 1°C corresponds to about 39 
millimeters on the recording paper. Only tem- 
perature deviations are measured. Thus the 
bridge is adjusted before the experiment starts 
so that the corresponding curve will remain on 
the recording paper. 

The wind instrument 

As seen from Fig. 1, the wind instrument has 
the shape of a wind vane with two pairs of plates 
a t  the head, one pair being placed vertically, 
the other horizontally. The instrument is about 
20 cm in length. The vane is made of thin alu- 
minium and has a small counter weight in the 
nose so that the whole instrument is well ba- 
lanced in respect to the vertical axis, around 
which it operates in small bearings. 
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strain gauge 

strain gauge 

Fig. 2. A pair of wind pressure sensing plates. The 
outer rectangular plates are clinched to elastic beryl- 
lium copper plates, which in its turn is fixed to  the 
central plastic block. The bending of the beryllium 
copper plates is transmitted to electrical signals by 
strain gauges glued on both sides of the plates as 
shown in the figure. 

When the instantaneous wind vector is strictly 
horizontal it  exercises a dynamical pressure on 
the pair of vertical plates only. When the wind 
vector is inclined to the horizontal, both pairs 
of plates are affected. A pair of plates is dis- 
played in Fig. 2. The wind pressure sensing 
plates are of rectangular shape, 36 mm y 54 mm. 
They are made out of superpertinax, 0.5 mm 
thick. These plastic plates are attached to 0.3 
mm thick plates of beryllium copper, which is 
firmly connected to a plastic frame that forms 
part of the vane. On both sides of the elastic 
beryllium copper plates strain gauges have been 
glued. The four 600 R strain gauges of one pair 
of plates form the four arms in a Wheatstone 
bridge. The bridge is fed from dry cells (4.5- 
15 volt). 

The plates have been calibrated in a wind 
tunnel, the free stream speed being measured 
with a pitot tube. Fig. 3 gives, on the ordinate, 
the wind speed by perpendicular attack and, on 
the abscissa, the corresponding deflection of 
the “Ultragraph”. The line drawn corresponds 
to - 

v = avx ,  (2) 

where V is wind speed, x the deflection and a a 
calibration constant. Fig. 4 shows how the 
deflection depends on the angle of attack. The 
ordinate gives the quotient xv/xl, where xV 
means the deflection when the angle of attack 
is v and xl means the corresponding deflection 
at perpendicular attack, the wind speed being 

:lo 

-5 

galvanometer 
deflection 

ID 2 
Fig. 3. Wind tunnel calibration of a pair of plates 
at perpendicular attack of the wind vector. The line 
drawn corresponds to V =aVx, where V is the wind 
speed and 1: the galvanometer deflection. This ana- 
lytic form is the same for all specimens of plates, 
but the constant is individual. The constant is most 
easily found for a new specimen by comparing the 
galvanometer deflection after putting a known 
weight on the wings of both the new specimen and 
the one already calibrated. Such a test against a 
reference specimen is also always performed before 
and after an experiment. 

the same. At these tests the pair of plates is 
turned around its length axis, which is always 
kept perpendicular to the wind. Quite another 
calibration ciirve is obtained when the pair of 
plates is turned round an  axis in the plain of 
the plates but perpendicular to the length axis. 
With the arrangement of the plates used in the 
ensemble instrument, as shown in Fig. 1, the 

y .. 
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angle of 
attack 
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Fig. 4. Galvanometer deflection, xp at angle of 
attack v, divided by the deflection at  perpendicular 
attack, zl, at the same wind speed. Different sym- 
bols indicate calibrations performed a t  different 
wind speeds in the range 4-8 m/s. The quantity 
zv/zL is clearly independent of wind speed. 
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wind vector has nearly always a direction suf- 
ficiently perpendicular to the length axis for 
the results of Fig. 4 to be applicable. Fig. 4 is 
based on several calibrations in the wind speed 
range 4.0 to 8.5 m/sec. There is no evidence of 
a wind speed dependence in the quotient xp/x. 

The scatter of the calibration points of Figs. 3 
and 4 is noticeable, but not very considerable. 
In Fig. 3 the scatter is by far greatest at  low 
wind speeds. This is simply due to the fact that 
the deflection then only amounts to one or a 
few millimeters. At high wind speeds a certain 
uncertainty arises from the fact that the elasti- 
city of the strain gauge glued beryllium copper 
plates is not perfect. It means that after chang- 
ing from a rather high wind speed to zero 
speed, it will take a certain time for the plates 
to go back to real "zero state". This effect, 
however, seems not to have a very important 
implication on the reproducibility of the re- 
sults. 

When the instantaneous wind vector is hori- 
zontal, the pair of vertical plates give a deflec- 
tion x, and from eq. (2) x = Ve/aa. The deflection 
arising from the horizontally oriented plates, z 
is in this case zero. If the wind vector is inclined 
an angle cp to the horizontal, 

x = vB/ai.j(90° -cp), (3a) 

z = V , / d . f ( d ,  (3b) 

where f(p) =xp/xl. The horizontal and vertical 
component of the wind vector is obtained res- 
pectively as 

V H  = v cos cp, ( 4 4  

w = V sin cp. (4b) 

In  Fig. 5 the thick curve is the function 
f =f(p) taken from calibrations over the entire 
interval 0-90". The thin curve drawn is f(cp)/ 
f(90" -p). The broken curve is 2.22 sin p. Then 
with very good accuracy for I p I d 10": 

But, from eq. (3): 

( 5 )  

1 

Pig. 5. The thick curve, labelled f(cp), represents for 
the whole range of angles the best fi t  of the calibra- 
tion results for zv/zl = f(cp) (individual calibration 
points are plotted in Fig. 4 for the range cp <c .  20"). 
As to the other two curves. see the text. 

This together with eq. (3a), (4b) and ( 5 )  gives: 

Now Vf(90" -cp) differs from 1.0 by less than 
0.01 when IcpI< 10" so that eq. (6) becomes: 

(7)  

where thus a, and a, are instrumental constants 
and x and z are the galvanometer deflections 
from the vertically and horizontally oriented 
pair of plates respectively. With the same app- 
roximation as above 

V ,  = a, V l .  
A typical value for a, and aB is 0.5 ms-l/mml'p. 

Thus the practical lower limit for the measure- 
ment of the horizontal velocity component is in 
the neighbourhood of 1 m/s or just below. 
Vertical velocities, however, can be safely re- 
corded down to much lower values. If  for in- 
stance x=100 mm, which corresponds to  
V - 5  m/s, vertical velocities of the order of 
0.025 m/s can be recorded with confidence (cf. 
eq. (7)),  which corresponds to angular devia- 
tions from the horizontal of the order of 0.25". 
The resolution is greater in practice because the 
instrumental constant a is always greater than 
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u2 in the experimental set up used. Thus it 
seems realistic to consider w to be measured 
with an accuracy of kO.01 m/s, when the hori- 
zontal wind exceeds 3 or 4 metres per second. 
At such speeds V ,  is given with an accuracy of 
about 10.02  m/s. 

The response-time of the instrument is very 
short. The free period is about 0.05 sec. This 
period can sometimes be recognized in a very 
fine ripple on the records from the plates. 

The approximation which led to eq. (7 )  for 
w is chiefly that given by eq. ( 5 ) .  This approxi- 
mation is quite satisfactory for 19 I < 10" (see 
Fig. 5). Of course this approximation is not 
necessary for the evaluation of w. When the 
quotient Z/X is known from the recording, 
f(p)/f(90" -p)  is given from eq. (5a). Then p 
can be drawn from the experimental curve (the 
thin line) in Fig. 5 ,  and V ,  V ,  and w can be 
computed from eqs. (3)  and (4). But this is a 
very time-consuming procedure, especially when 
one has to evaluate a great number of values, as 
is the case when computing turbulent fluxes. 
To obtain an idea of how the approximate eq. 
(7)  might work in a real case, the angle p was 
computed for a great number of points from a 
record made a t  moderate instability a t  a height 
of about 4 meters above a corn field. The eva- 
luation showed that 94% of all pvalues were 
less than 10". In  these cases the sine-function 
differs from the true function by less than 1 yo. 
Only in 1.5% the computed w-values differed 
from the true ones by more than 6%. As seen 
from Fig. 5 ,  the modulus of the computed values 
are always greater than the real values. On the 
whole, the effect of the adopted approximation 
on computed fluxes must be small. 

The instrument described above is not the 
first one which makes use of strain gauges for 
wind measuring purposes. CHEPIL & SIDDOWAY 
(1959) has reported on an instrument based on 
this principle. This instrument, however, was 
different from ours in important respects. For 
turbulent flux measurements instruments based 
on widely different principles have been used. 
SWINBANK (1955) applied a hotwire anemome- 
ter. Later the Australians have developed a 
heat transport anemometer of apparently very 
good performance, R. J. TAYLOR (1958) and 
DYER (1960). The Soviet scientists have used 
a kind of hot wire anemometer, OBUCIIOW (1958) 
and later an acoustic anemometer (GURVICH, 
1965). Panofsky et al., see for instance PANOFSKY 

( 1962), has employed aerovanes and bidirec- 
tional vanes. The new wind instrument, descri- 
bed in this article, is clearly equally suited for 
turbulent flux measurements as the best ones 
used by others. The instrument is however not 
so well suited for high frequency turbulent fine 
structure studies, mainly because of the dimen- 
sions of the instrument. 

The drawbacks of the new wind instrument 
lies mainly on the following points: 

( 1 )  complex evaluation, 
(2)  the imperfectness in elasticity of the glued 

beryllium copper plates may caus3 certain trou- 
bles, 

(3) the instrument cannot be used in case of 
precipitation, not even in the form of dew fall 
because the "wings" will then be loaded with 
water droplets. 

The evaluation problem can be easily over- 
come, if the signals are recorded by an electro- 
nic data logging system, which will be the cast? 
in a forthcoming project, now being on the way. 

The problem of elasticity imperfectness can 
be controlled, if several zero point checks are 
taken during the course of an experiment. This 
was done in the case of the 45 experiments of 
Table 1. 

The difficulty of performing sensitive tur- 
bulence measurements in precipitation condi- 
tions shares the new instrument with probably 
all earlier instruments. 

Evaluation 
To evaluate fluxes from direct measurements 

of the four curves on the photographic record- 
ings is extremely time-consuming. Because of 
this a special evaluation device was construc- 
ted. A photograph of the device is reproduced 
in Fig. 6. It shows a slanting table over which 
the photographic record is transported with a 
constant speed. In the plane of the table, but 
perpendicular to the transportation direction, 
two indices can be moved independently of one 
another. The movement of an index is achieved 
by turning one of the big wheels situated on 
each side of the slanting table. Two operators 
can follow one curve each with these indices, 
while the record is transported with constant 
speed in the direction it. has been recorded. The 
indices are connected each to a circular cylinder 
on the mantle of which is fixed a fine metal 
thread, which slides along a linear electrical 
resistance, when the index is moved and thus 
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Table 1. Experimental data from the Ugerup site. 
Legend: E =water vapour flux in pg cm-2 s-l. Ri, =Richardson number a t  4 m level = g /e [aO/az / (aG/a~)~ ] ,  
the gradients being taken from curves of best fit for the temperature and wind respectively. (9 =practical 
stability parameter = A@,/Um2, where A@, = 1/3 [(O,, + 06.4 + 03.J - + O,,,, + @0,6)] and U ,  = 1/6 
(U,,  + U6, ,  + U3.4 + U1.* + + Uo,5) ,  where the indices of 0 and U give the height in metres; the values 
are taken from curves of best fit. The U-  and T-values of the table are the original measured values, the 

indices giving the height in metres above ground. 

Date E p g  State 
No. and time crn-'s-l Rid (D U0, , ,  U1,, U S  U ,  U,, 2'0.6 T l ,6  T 4 . h  Tll.7 of ground 

4 
6 

10 
12 
13 
16 

1 
2 
3 
4 
5 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1961 
24/7 11 
3/8 19 

13/8 20 
17/8 10 
17/8 13 
20/8 12 

1962 
11/5 19 
13/5 13 
16/5 12 
16/5 16 
16/5 19 
17/5 11 
9/7 15 

10/7 10 
10/7 14 
11/7 11 
11/7 18 
11/7 22 
12/7 06 
12/7 13 
12/7 16 
13/7 09 
l o p  11 
11/8 10 
11/8 13 
12/8 17 
l2/8 18 
13/8 06 
13/8 08 
13/8 10 
13/8 12 
13/8 15 
13/8 18 
l4/8 14 
14/8 17 

1963 
26/9 11 
27/9 09 
28/9 10 
28/9 15 
28/9 16 
30/9 15 
30/9 17 

1/10 07 
1/10 10 
1/10 11 

3.50 -0.052 -0.046 2.85a 3.50b 3.60 4.40 5.15 17.0 16.7 16.3 16.0 

0.11 f0.098 +0.165 1.30 1.75 - 2.40 3.30 11.3 11.6 12.0 12.2 
2.92 -0.670 -0.353 - - 1.40 1.65 2.10 17.6 17.0 16.6 16.2 
4.30 -0.200 -0.155 - - 2.30 2.75 3.40 20.5 19.8 19.4 18.8 

0.21 f0.151 +0.345 1.30a 1.60b 1.65 2.20 2.85 13.1 14.0 14.5 14.7 

2.62 -0.045 -0.023 4.25 4.90 4.95 5.80 6.90 18.2 17.6 17.4 16.9 

0.35 
4.50 
3.36 
4.10 
1.02 
5.98 
6.57 
9.45 
8.50 
5.96 
0.93 
0.31 
1.28 
3.34 
3.02 
2.25 
2.50 
4.40 
2.00 
2.20 
0.64 
2.49 
3.37 
4.10 
2.28 
3.58 
0.93 
6.68 
2.73 

0 
- 4.70 
- 0.051 
- 0.031 
+ 0.170 
- 0.074 
-0.710 
-0.115 
-0.170 
- 0.900 

+0.180 
-0.150 
- 0.031 
- 0.057 
- 0.430 

0 

+ 0.013 
0 
0 
0 

+ 0.036 
-0.013 
- 0.020 
- 0.028 
- 0.007 
- 0.019 
+ 0.017 
- 0.025 
- 0.043 

3.60 - 

0.23 -0.009 
3.03 -0.018 
1.14 - 
0.44 +0.011 
1.64 -0.013 
0.40 +0.020 
1.14 0 
1.23 -0.016 
2.09 -0.023 

f0.011 2.15 2.45 
-0.154 2.25 2.45 
-0.017 4.00 4.45 
-0.010 3.30 3.75 
f0.099 2.40 2.70 
-0.028 4.00 - 
-0.515 0.95 1.15 
-0.104 1.75 2.25 
-0.212 1.40 1.80 
-0.611 1.00 1.25 
+0.042 1.50 2.00 
+0.151 - 1.20 
-0.305 0.75 1.05 
-0.041 2.70 3.75 
-0.026 1.95 2.60 
-0.308 1.05 1.35 
+0.016 2.50 4.40 

0 2.50 4.45 
0 2.40 4.00 
0 2.35 3.90 

+0.049 1.65 3.05 
-0.019 1.75 3.15 
-0.025 1.75 3.10 
-0.022 1.95 3.50 
-0.007 1.85 3.30 
-0.013 2.00 3.55 

-0.042 1.85 (3.35) 
-0.050 1.30 2.30 

+0.043 1.85 (3.35) 

2.65 2.85 - 
2.60 2.60 - 
4.50 5.00 5.70 
3.90 4.55 4.65 
2.65 3.10 3.75 
4.55 5.25 5.65 
1.20 1.30 1.75 
2.45 3.00 3.55 
1.85 2.25 2.90 
1.30 1.35 1.45 
2.35 2.70 3.30 
1.50 1.60 2.10 
1.20 1.45 2.30 
4.05 4.75 5.35 
2.70 3.20 3.80 
1.45 1.60 2.05 
5.10 6.00 6.60 
5.15 6.25 7.35 
4.50 5.40 6.35 
4.50 5.40 6.40 
3.45 4.10 5.05 
3.35 4.10 4.95 
3.50 4.25 5.25 
3.65 4.35 5.50 
3.95 4.85 5.70 
3.90 4.60 6.05 
3.35 3.95 5.75 
3.30 4.00 4.55 
2.25 2.40 3.65 

8.2 8.3 8.3 
10.3 9.5 8.9 
10.4 10.1 10.0 
11.2 11.2 11.1 
8.7 9.3 9.7 

14.3 14.0 13.5 
21.5 20.6 20.4 
21.0 20.4 20.1 
24.5 23.8 23.5 
20.5 19.5 19.0 
16.8 17.0 17.1 
14.2 14.4 14.6 
15.4 15.0 14.7 
20.2 19.5 19.2 
18.3 18.2 18.0 
17.4 16.8 16.5 
15.4 15.6 15.8 
16.0 16.0 15.9 
16.8 17.0 16.9 
18.9 19.2 19.1 
17.3 17.9 18.1 
13.7 13.5 13.4 
14.7 14.4 14.3 
15.8 15.7 15.5 
15.2 15.2 15.1 
16.4 16.3 16.2 
13.9 14.4 14.6 
17.8 17.3 17.0 
16.7 16.4 16.3 

8.2 
8.5 
9.7 

10.8 
9.7 

13.0 
20.0 
19.8 
23.0 
18.8 
17.0 
14.5 
14.5 
18.8 
17.9 
16.2 
15.8 
15.9 
16.8 
19.0 
18.2 
13.3 
14.1 
15.3 
14.9 
16.0 
14.5 
16.7 
16.1 

-0.006 - - - - 8.0 13.4 13.2 13.3 13.0 
-0.007 3.60 5.05 5.40 6.35 7.35 12.7 12.6 12.6 12.3 
-0.024 2.80 3.85 4.25 5.10 6.05 12.8 12.2 12.1 11.9 
-0.010 - - - - 7.8 13.4 13.2 13.4 13.0 
+0.011 2.75 3.75 4.45 5.30 6.40 12.1 12.4 12.7 12.4 

12.2 
+0.060 1.75 2.40 2.85 3.30 4.35 8.8 9.5 - 9.6 

0 2.00 2.70 2.95 3.50 4.40 9.3 9.2 - 9.2 
-0.014 2.55 3.50 3.75 4.50 5.50 10.7 10.5 - 10.2 
-0.027 2.55 3.50 3.75 4.50 5.50 11.6 11.1 - 10.7 

5.75 12.7 12.4 - -0.014 2.85 3.80 - - 

Corn, 
70 cm 
high 

Corn 
5 cm 
high 

Corn 
70 cm 
high 

Recently 
ploughed 
field 

a Level of measurement 1.44 m. 
Level of measurement 2.1 m. 
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Fig. 6. Evaluation device. The photographic record 
is transported with constant speed along the slant- 
ing table, seen to the right in the figure. Two per- 
sons operate simultaneously each one index, which 
can be moved in a direction perpendicular to  the 
direction of the transportation of the recording 
paper. An electrical signal which is linear in w, e or 
in (ew) is obtained as result of the evaluation-see 
the text and Figs. 7 and 8-and fed to the poten- 
tiometer recorder to the left in the figure. 

the cylinder turned. The contact threads can be 
fixed as suitable curves on the mantles of the 
cylinders. It is then possible by simple electrical 
connections to obtain an output signal from the 
evaluation system which is proportional to w, 
when the indices follow the T -  and z-signals 
from the wind instrument (see Fig. 7). I n  that  
case the contact thread for the s-signals has the 
form l / \  s, cf. eq. (7). The output signal, which 
is thus linear in w, is fed to  a potentiometer 
recorder seen to the left in Fig. 6. 

/- 

c.'l: Q 
cons .z 

Fig. 7. Principle of the electrical circuit for evaluat- 
ing the vertical velocity w = const. z / v i  from signals 
z and z. The sliding contacts are each in the form 
of a metal thread fixed on a cylinder, the turning 
of which is achieved by the movement of one of 
the indices of the evaluation device (see Fig. 6). 
The contact threads are so arranged on the respec- 
tive cylinders that in one case a turning x gives a 
displacement of the contact proportional to l /v i  
and in the other case a turning z gives a displace- 
ment proportional to z. 

The vapour pressure is evaluated in a similar 
way, after changing the contact cylinders and 
the electrical connections. The operators then 
follow the T- and T,-signals respectively with 
their indices. The vapour pressure is evaluated 
from the psychrometric equation: 

e = B  +A(T,).T, - BT, (9) 

where B is the mean vapour pressure for t he  
whole record. A is given a value appropriate 
to the mean wet bulb temperature of the record 
so that the saturation vapour pressure curve is 
approximated by a straight line in the range of 
the T,-values of the record. B is given a con- 
stant value. The contact curve form for both 
the T,- and T-record is linear. Fig. 8 gives the  
principle of the electrical circuit. The output 
signal, which is thus linear in e, is recorded on 
the same paper as w, but with another colour 
of the ink, the starting line of the two curves 
(e and w) coinciding, and the paper speed being 
the same in the two cases. The synchronization 
of the two curves is checked at regular intervals. 

The product (ew) is evaluated from the new 
recording paper in a similar way as w and e were 
evaluated from the original photographic re- 
cord. The same circuity as for w (Fig. 7)  is used, 
but with linear contact curves. The output 
signal, which is thus linear in (ew) is recorded 
on the potentiometer recorder on a new paper. 
The speed of this paper is such that 1 sec of 
the original record corresponds to 5 mm of the 
(ew)-paper. The covariance ezU, which is pro- 
portional to the water vapour flux, has been 
evaluated by measuring the deflection at regu- 
lar 5 mm intervals. 

With the method described above it will take 
about one working day for two persons to eva- 
luate fully a record of length 30 to 60 min. To 
obtain the same result by picking up values 
direct from the original recording and then per- 

'WlTW &T+const. w 
L+const.J 

Fig. 8. Principle of the electrical circuit fofevaluat- 
ing the water vapour pressure, e =A(  T,) * T, - 
B -  T + const, from signals T, and T. The movement 
of the sliding contacts is achieved by the movement 
of the two evaluation indices-ee the legend of 
Fig. 6 and the text. 
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forming all the computations involved on a 
desk calculator will take more than ten working 
days for two persons. 

Accuracy of the recorded flux 
The water vapour flux is evaluated as: 

where R, is the gas constant for water vapour. 
The errors in the determination of this quantity 
assign to the following two categories: 

(1) instrumental inaccuracy, 
(2) evaluation errors. 

Apart from occasional errors, the most impor- 
tant inaccuracy of the instrumentation lies in 
the time constant of the slowest part, which by 
far is the wet bulb element. MCILROY (1961) 
states the following values for his version of this 
instrument: 

tl =0.2 sec for 7 > 6 m/s, 

tl =0.4 sec for 6 >T > 3  m/s, 

t i  = 0.6 sec for 7 < 3 m/s. 

The present author has not made any proper 
attempt to evaluate t1  for the instrument used. 
Inspection of the records, however, indicates 
that McIlroy's values might be somewhat too 
high for this instrument. DEACON (1959) and 
MCILROY (1961) have studied the influence of 
smoothing on the flux-measuring efficiency. 
They give the percentage efficiency of flux 
measurement as a function of the quantity 
T ~ / z ,  where T is smoothing time, 7 mean wind 
speed and z height above ground. When the 
free period, to, of the galvanometer is the con- 
trolling factor, t in the expression Z ~ / Z  is sub- 
stituted by 0.5 to (see DEACON, 1959). When 
the instrumental time constant, tl is the most 
important time constant t = 2.5 tl, according to 
DEACON. In  our case t,-O.05 sec, but the big- 
gest zl-0.4 sec. (cf. above). Then the abscissa 
quantity of DEACON'S (1959) Fig. 1 is about 1.0 
for typical conditions, z being about 4 m. Then 
the flux recovery is 

> 95 % for lapse conditions, 

c. 92 % for neutral conditions, 

c. 80% for inversion conditions, 
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There are several potential sources of error in 
the evaluation procedure. The most important 
ones are summarized below. 

(1)  The flux is evaluated as a sum of point 
values from the (we)-curve. Evaluations have 
shown that the standard deviation of the (we)- 
curve is about twice the mean value. Then the 
standard error in E is 

2E 
SEW*+,  

Vn 

where n is the number of values and the com- 
puted flux for the whole experiment. I n  most 
cases n was of the order of 1000 or 2000 so that 
the relative error will be about as%. 

(2) Inaccuracy in the zero-line position for 
the (ew)-record. An inaccuracy of k0.5 mm 
gives an inaccuracy in B of about & 5 %. 

The other evaluation errors are probably of 
minor importance for the flux: 

(3) Inaccuracy in the mean value for T, 
(giving the slope of the saturation vapour pres- 
sure curve). If the inaccuracy is supposed to be 
f lac, the error in e, Se: 

6e = 

Se = f 1.6 % at T, = 8°C. 

1.2% a t  T, = 20"C, 

(4) When computing (w'e') it is very impor- 
tant that the influence of an erroneous mean 
vertical wind, u, is eliminated. This is achieved 
by computing the mean values from the curves 
for e and w respectively. An error of 1 mm in 
each of and w gives a total error k 0.5 % in E.  

To sum up, the evaluation errors which are 
independent of each other and occasional, form 
a total error in e which is of the order of 7 %. 

Turbulent water vapour flux measurements 
of this accuracy have up to now only been pre- 
sented by DYER (1961) and by DYER & PRUITT 
(1962). 

Experimental data 
Table 1 contains data from 45 successful 

experiments, performed during three summew 
a t  the experimental site a t  Ugerup, each experi- 
ment having a length of between 30 and 60 min. 
The site is not quite ideal in a micrometeorolo- 
gical sense (it was chosen as typical agricultural 
land). The land is level and mainly covered with 
crop. About 200 m north of the place where 
the turbulence measurements took place in 
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1962 and 1963, in a separate mast, c. 4 m high, 
there are some houses belonging to a farm. 
There are also hedges of various height (2-7 m). 
In  other directions there are scattered groups 
of trees and more distant groups of farm houses. 
A fairly large sector is however undisturbed for 
many kilometres, and most of the experiments 
are carried out with wind coming from this sector. 
No experiments are carried out with winds 
coming from the direction of the nearby farm. 

The flux experiments of 1961 were not per- 
formed a t  the spot described above. They were 
carried out on a permanent, 12 m high mast, 
situated c. 100 m closer to the farm houses. I n  
this mast wind- and temperature-profiles and a 
humidity difference were measured all the three 
summers. The vegetation of the site was the 
same as that of the surroundings. It changed 
from year to year and also from spring to au- 
tumn-see the last column of Table 1 for details. 
Measurements of the neutral wind profile show 
a corresponding change in the roughness para- 
meter, zo 

( 1 )  corn 75 cm: zo = 6.5 cm 

(2) corn 5 cm: zo = 1 cm 

Wind was measured continuously a t  12 m 
and during the experiments a t  5 heights (0.75 m, 
1.5 m, 3 m, 6 m and 12 m, except for some early 
experiments-see the table). The anemometer 
used was of type Fuess “Schalen-Handanemo- 
meter” with small and light cups, moving in a 
diameter of about 5 cm. The five instruments 
used were calibrated in field by running them 
parallel a t  the same height. The performance of 
the instruments is fair, but they do not fulfill 
very high demands. 

Temperature was measured with ventilated 
platinum-thermometers a t  four heights: 0.5 m, 
1.5 m, 4.5 m and 11.7 m. The temperatures were 
recorded on a potentiometer recorder (Siemens 
Kompensograph) and could be read to the nea- 
rest 0.1”C. 

Humidity was measured at two heights, 1.5 m 
and 11.7 m. with Lambrecht hair-hygrometer 
with “Pernix-hair”. The humidity, as well as 

thg temperature, was checked regularly (ca 300 
times in 30 months) with Assmann psychro- 
meter in the mast. It was found that the stan- 
dard deviation of the determination of the 
vapour pressure difference, Ae, was as high as 
k0.37 mb. The mean Ae for those experiments 

carried out in unstable conditions was 0.49 mb 
and for those carried out in neutral and inver- 
sion conditions r e  =0.33 mb. It is thus no 
sense to use the individual Ae-values in connec- 
tion with the measured fluxes to derive ex- 
change coefficients. So the Ae-values are omit- 
ted from Table 1. As will be shown in a forth- 
coming article this difficulty is overcome, by 
putting the flux data together in a number of 
stability groups, and only using the above- 
mentioned mean values for Ae, so obtaining the 
exchange coefficient as a function of stability. 
In another forthcoming article will be shown 
how the exchange coefficients can be derived 
on a running basis from measurements of a 
temperature difference and the wind speed a t  
12 m. Approximate hourly evaporation values 
can then be computed with the aid of eq. (1) and 
the Ae-values given. Adding 24 such hourly 
values gives daily values of fair accuracy and 
further adding gives still better results for 
longer periods. 
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HOBAFI TOZIHAFI AnIlAPATYPA &JIH HBMEPEHBFI TYPBYJIEHTHOrO IlOTOKA 

C O 3 H a H  M A C n b I T a H  B nOJIeBbIX yCJIOB11HX H a  

T y p 6 y J I e H T H O r O  IIOTOKa BJlaWHOCTH. npt160p 
COCTOkfT 113 C y X O r O  11 CMOYeHHOrO IIJIaTHHOBbIX 
3J IeMeHTOB COnpOTHBJIeHMH a B C T p a J I H a C K O f i  KOH- 
CTPYHqHM M HOBOrO MaJ lOAHepqHOHHOI 'O  A a T -  
YMKa B e T p a .  M r H O B e H H b I f i  B e K T O p  CKOPOCTM 
B e T p a  113MepHeTCFI I I p H  nOMOrrlM T e H 3 0 M e T P A -  
YeCKMX AaTYMKOB, I I p H K J I e n n e H H b I X  K 3JIaCTAY- 
HbIM IIJIaCTMHaM, H a  HOTOPbIe  B 0 3 H e a C T B y e T  
A a B J I e H A e  B e T p a .  C I l r H a J l b I  AaTYl lKOB 3 a n A C b I -  

K a J I b I I O r O  F a J I b B a H O M e T p a  CO B p e M e H e M  YCTa-  
HOBJIeHHR 0.05 CeK. B e p T H K a J I b H a R  K O M n O H e H T a  
CKOPOCTM B e T p a  3aIIWCbIBaeTCU 3TMM r a J I b B a H 0 -  
MeTPOM C TOYHOCTbIO +0,01 M/CeK, K O r A a  CKO- 

mre  U B e q m i  npn6op @m n p H M b I x  1 1 3 ~ e p e ~ ~ f i  

B a m T c R  @ o T o r p a @ m e c m  npn n o M o r r l n  3ep- 

poem B e T p a  H e  CJIAIUKOM M a n a .  

b n a  c o a g a H a  a n n a p a T y p a ,  K o T o p a R  y M e H b -  

i $ o T o r p a @ m e c K u x  aan~cefi ,  no K p a Z t H e i  M e p e ,  
B 10 pas. 

m m a  B p e M R ,  HeO6XOAMMOe AJIH o 6 p a 6 o ~ ~ u  

n p a B M J I b H O C T b  3 a n H C I l  I IOTOKa KOHTpOJI11- 
P y e T C R  IIOCTORHHOfi B p e M e H H  CMOYeHHOrO aJIe- 
M e H T a ,  n O p R A O K  KOTOpO# P a B e H  n p ~ 6 n ~ a ~ -  
TeJ IbHO 0,6 CeK. Torga, COrJIaCHO ,@KOHY, n p M  
HeyCTOfiYMBOfi  C T p a T H i $ H K a q A H  np11 1 1 3 M e p e H l i H X  
OXBaTbIBaeTCR IIOYTM B e C b  IIOTOK, a n p M  IIH- 
BePCl lOHHbIX yCJIOB11RX TOJIbKO 80 70. 

3 K C I I e p M M e H T a J I b H b I e  A a H H b I e  I IOJ IyYeHbI  113 
45 113MepeHI l f i  IIpOAOJIHUiT€?JIbHOCTbIO 30-60 

YeHMR IIOTOKa BJ IaXHOCTH,  a TaK?Ke  gOIIOJIH11- 
T e J I b H b I e  MAKpOMeTeOpOJIOr11YeCK11e g a H H b I e .  

MMH K a m n o e .  I I p e A c T a s n e H b I  B h I w i c n e H H b I e  3 ~ a -  
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