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i. intrqduction

Meteorological measurement programs at nuclear installations arc necessary to cope-up

with an unlikely event of radioactive efffuent rclease. Apart from the point of view of

the emergency preparedness, at a nuclear fucility, continuous meteorological measure-
ments are needed to assess the impact of radioactive releases during normal operation.
More realistic dispersion estimation models require metcorological inputs pertaining to
the boundary layer which can not be completely fulfilled by a meteorological tower
alone as the boundary layer height may extend up to 1000m. Also these models, when
dealing with complex terrains, accommodate spatial variability in meteorological condi-
tions (10).

The Sound Detection And Ranging technique known as the SODAR technique to
measure vertical temperature structure in the lower atmosphere became popular since
around 1970. With the advancements in the fields of clectronics and computers, the
Sodar technique got developed and monostatic Doppler Sodars were built by many re-
search and commercial organizations. Around the year 1985 many commercial estab-
lishments were offering Doppler Sodars to measure three dimensional wind components
up to a height of about 1000m,

At the end of 1986 a REMTIICH monostatic Doppler Sodar system was procured by the
KI'A and since then it has been in operation in the KI'A enviropment. The system was
extensively used at the foot of the hill ‘Sophicnhoche’ in connection with serics of tracer
dispersion experiments conducted at the hill site. At other times the system was oper-
ated in the KA premises where a 120m high meteorological tower is in operation,

Resulis of many specially performed tests (1,2,3,4.6,7.8, 1 {,12) to study the usefulness
and reliability of Doppler Sodars indicate that these are superior in many respects to
several conventional measuring techniques though the Sodurs are ;f)t yet aceepted to
be as basic as the conventional instruments. '

In this report the description and the operating principles of the Doppler Sodar at the
KTFA are briefly described and outputs from the routine operation of the Sodar are
compared with the concurrently measured data on the 120m high KI'A meteorological
tower. Three sets - of data vaumg from pcnod< of tcn days to 18 daw;, are uscd fo; the
:_compamon ' x o : :




2. Description of the Instrument and Operation

The Doppler Sodar system, supplicd by M/S REMTECIT consists of {(a} a trailer carry-
ing three antennas, (b) an electronic cabinet and (¢} terminals and printers. The block
diagram of the system is shown in figure I,

2.1 The Anfennas

The Sodar system which has been in operation since the year 1987, is a monostatic sys-
tem with three numbers of fibreglass paraboloid (1.2m diameter) antennas (type AQ)
mounted on a tratler. The axes ol antenna number 1 and 2 are tilted from the vertical
by 18 degrees. The axis of the third antenna is vertical. The axes of antenna | and 2,
when projected on the horizontal make an angle of 90 degrees. Fach of the paraboloids
1s provided with a horn shaped shelter (1.74m high) whosc inner surface is covered with
foam which is a good sound absorber. At the focal points of the paraboloids com-
pression drivers are located. Photograph of the three antenns, complete with shelters,
mounted on the trailer is given in figure 2. The nominal frequency of sound to be used
with these antennas is 1600 I1z. As the transmission and reeeption patterns of the an-
tennas depend to some extent upon the wavelength of the emitted sound, the software
of the Sodar system sclects the transmission [requency so that the wavelength remains
the same under different environmental temperatures.

2.2 The Electronic Cabinet and Terminals

The cabinet which is housed in a {mobile} wagon contains the {olowings.

1. A PDPI minicomputer.

2. A transcetver for emission and rceeption.

3. A power amplifier for emission of sound.

4. An analog interface.

5. A microstreamer unit.
The minicomputer is of 16 bit words with 256 K bytes RAM. It has one 16 bit DIG-
ITAL 1/O parallel board and one 12 bit A/I) board and has four RS232 ports. The
software of the system operates on the RTH operating system. The minicomputer has
two [loppy drives and 20 megabyte winchester. A VT 220 DIC video terminal with
kev-board [unctions as the master console. The terminal is associated to a dot matrig
printer. The Sodar seftware manages the input/output, the clectronic transceiver, signal
processing and extraction of informations from signals,

The transceiver consists of power relays to switch power amplifier output to selected
compression drivers and input relays to switch back-scattered signal received by the
compression drivers to the preamplifier. The transceiver is controlled by the minicom-
puter. ‘The power amplifier can deliver a peak acoustic power ol 50 watts through the

compression drivers.

The analog interface is uscd to connect analog mputs [rom independent sensors such as
u, v and w anemometers, Signals fed through the analog inputs can be processed in the

nminicomputer,




The microstreamer is used to transfer accumulated data from the winchester on to
magnetic tape for [urther processing or for storing purpose.

A colour monitor displays vector plot of wind speed {[vom all altitudes) obtained after
cach sampling period. [t displays vector wind profile of the fast six sampling period
steps. The colour is conditioned to display mean vertical velocity.

Back-scattered echo intensity from the vertical antenna is printed on a dot matrix printer
used as a facsimile recorder. (sce chapter 5).

2.3 Operation and Principle

Under the instruction from the minicomputer the transceiver sends a sound pulse of
about 150 msec duration from the power amplifier to compression driver of antenna 1.
Immediately alter the acoustic burst, the compression driver is electronically swiiched
into a sensitive microphone configuration. The sound pulse, travelling along the axis
of the antenna, gets scattered duc to the presence of cddics in the atmosphere and the
back-scattered signal is received by the microphone. This signal is amplificd and passed
through a band-pass filter (300 Flz width) and then mixed with the emission frequency.
After that the signal is fed to the analog to digital converter board of the minicomputer.

The series of digital valucs against time represent the back-scattered signal correspond-
ing to various clevations. 'or example, for the vertical antenna, the series of signal
values during the time period between t1 and t2 (where t1 and t2 are measured from the
instant of emission) correspond to a layer between heights hl and h2 where hi=1tl.¢/2
and h2=1t2.¢/2 and the thickness of the layer (h2 - h1)=(t2 - t1).c/2 where c is velocity
of sound. TFor the tilted antennas the rclation wili be hl ={tl.c/2jcos{i) and
h2=(12.¢/2)cos(i) where 1 is the angle of tilt from the vertical. The time versus height
refationship is shown in figure 4,

The minicomputer performs T'ast Fourfer Transform on the digital time scries and
produces onc power spectrum for each of the time segments. These time scgments cor-
respond to different layers of the atmosphere and the altitude and thickness of the tayer
is governed by the above relations. Thus after the transmission of the pulse through an
antenna, the back-scattered signals corresponding to definite altitude layers arc proc-
cssed to obtain power spectra corresponding to cach of the lavers. While the amplitude
ol the spectrum corresponds to the strength of the back-scattered signal, the frequency
shift in the spectrum corresponds to the radial velocity of the air mass in the layer (ie.
the velocity in the direction of the axis of the antenna). Corresponding to each trans-
mission, radial velocities for cach of the pre-assigned layers are computed and stored by
the minicomputer. The smalf clements (of the size of half the wavelength of the emitted
sound - about 10 cm) of thermal turbulence in the atmosphere are responsibie for
back-scattering of sound. The strength of the backscattered signal.depends. upon the
temperature structure function definned as

[T+ =TT
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“where T(x+r) and T(x) are potential temperatures at x+r and at x and r is spatial
~seperation between the two points and the bar represents temporal average. Motion of




these thermal elements constitute the wind speed. When these elements arc encountered
by the sound beam, the back-scattered signal undergoces double Doppler effect (the beam
hits a moving targct- and again the moving target emit back). The Doppler shilt Al is
very close to the approximation:

2047, cAf
Af = ——— or V, = ——
/ ¢ 2/

where V_is radial velocity of air mass, [, is the emission frequency and c is velocity of
sound. Thus from the Doppler shifts obtained rom the power spectra, radial velocitics
corresponding to different altitudes are calculated.

After the completion of emission and reception through one antenna, the second an-
tenna is sclected and then the third. The cycle is repeated till the end of sampling time.
The individual radial velocitics are more or less instantancous values. From the know-
ledge of the orientations of the three antenna axes and the mean radial velocities, the
mean values of u, v and w components of the three dimensional atmospheric flow for
cach layer are computed. From the radial velocities of the vertical antenna mean and
standard deviation of vertical velocity are computed. Also, the strength of the back-
scattered signal {echo) and standard deviation of echo from the vertical antenna arc
computed for each of the layers (the strength of ccho is a measure of temperaturc
structure [unction). Independently of this, intensity of back-scattered echo from the
vertical antenna is computed with selectable resolution lor outputting on a facsimile re-
corder.

I'or a given sampling period, the following quantitics arc outputted to the winchester
and as well as to the printer for each of the layers.
I. icho (vertical antenna)
. Standard deviation of echo (vertical antenna)
. ITorizontal component of wind specd
. Horizontal wind direction
. Standard deviation of horizontal wind direction
0. Vertical component of wind speced
7. Standard deviation of vertical wind speed

led B

o

The signal received by the microphone (compression driver) can not be considered as a
pure signal with a doppier shift because of the followings:
1. Presence of ambient noisc
2. Imperfection of the antenna during transmission and reception
3. The back-scattering is by a volume of air determined by the
beam width and range. Uneven spatial distribution of thermal
velocity elements exist within a volume.
As a result, the spectrum of the received signal contains energy distribution around the
Doppler shift. And in some cases, the Doppler shift corresponding to the radial velocity
can be completely masked by noise and fixed echos (by obstacles) reaching the micro-
phone. Also due to the characteristics of the antenna gain, the noise component can not
be considered as white noisc.  In the system, the following steps are taken to minimize
the effect of noise.




a. Instead of monochromatic sound puise, double frequency pulse is emitted through
the antenna. With this one gets two peaks in the spectrum instead of one and the
reliability 1s increased. Also the jitter around the mean value of the two shifts is
utilized as a measurement error.

b. To take into account the antenna transfer function, which varies with temperature,
~ the system automatically chooses the optimal operating frequency for cach antenna
at prescribed intervals of time.

¢. Validation tests arc performed by software before and after the computation of wind
speeds. Signal to noise ratio and plausibility tests arc performed before validating a
radial spced. A chart showing the procedure of validation adopted in the
REMTECI] Sodar is given in figure 5.

d. At the end of sampling time, before the results are output, final checking of results
is made by the softwarc. These checks are (1) checking the number of validations for
cach layer and for cach of the three components to sec whether the number of vali-
dations are atleast equal to the required minimum, (2) checking the values of
standard deviations of the three components to sec whether they are reasonable and
{3} Tooking for the presence of a plausible wind profile. 1f one of thesc tests gives a
negative result, then the software will invalidate the data for that particular layer.

2.4 Operating Parameters

There is a large number of operating parameters which can be changed by an operator
through the master console. These parameters can be grouped into three kinds : Orders,
Operating Parameters and Test Parameters. The operating parameters allow one to op-
eratc the system in a flexible manner, Onc can choose [or example the minimum height,
the thickness of layers, number ol layers, sampling period cte. Alse one can get back
earlicr results for the purpose of checking or otherwise. There are parameters to set
signal to noise ratio and to set minimum number of vafidations for the computation of
means and standard deviations. Also there are parameters to control analog inputs. The
test parameters allow one to have an idea of background noise and also to identify faults
in elecirical connections, cables and antennas,

2.5 Specifications

Some of the important specifications of the REMTEC!T Sodar with which the system
operated are listed below. The Sodar was operated with a software version of May 1987.

Number of antennas (AO type) three
Construction of antcnnas fibreglas, parabolic
- [.2m dia
- Tilting angle of antennas | & 2 18 degrees
..--Peak output acoustic power © 50 watts
. Irequency (nominal) .~ 1600 1z
. Bandwidth - - +/- 290 117
- Pulse width - : 150 msec.
- Minimum height S0m at site |

40m at site 2




Thickness of the layer 20m

Number of layers (range gates) 30 at site 1
20 at site 2

Sampling period 10 minutes

Signal to noise ratio

for wind components 20

Minimum number of radial velocity
validation requirement [or

wind components 3
Minimum number of validations

for computing standard deviations 5
Spatial resolution for the facsimile 5 metres
Minimum signal to noise ratio

for facsimile validation 5

2.6 Precedure for computation

At the end of sampling time, corresponding to a given layer, the three radial velocities
from the three antennas are available. If the three dimensional total wind vector (aver-
aged over the sampling period) has u, v and w wind specd components along x, v and 2
of an orthogonal coordinate system, it follows [fom the orthogonolity of the two tilted
antennas,

I/rl
= " —wcolo
Sin o
I
¥2
and vo= - —weoto
SIN o

where Vi and V., are the average radial velocities corresponding to antenna [ and 2
respectively. « is the angle of tilt from the vertical which is 18 degrees for both the an-
tennas. The horizontal mean wind speed V,, is computed using the relation :

Ve = (112+ Vz)uz

and the horizontal mean wind dircction ¢ is computed using the relation :
24
8 = arctain ()

The average vertical velocity w = 'V, where V  is the average radial velocity corre-
sponding to the third antenna which is vertical,

As mentioned earlicr, the minicomputer stores the standard deviations of the three radial
velocities corresponding to each laver. Also, by the use of double frequency technique,
two radial velocitiecs are obtained for cach pulsc and lor cach layer and the average of
the two is taken as the instantancous velocity. The standard deviation of the differences
between the two radial velocities (due to double frequency) is also computed lor each
layer at the end of sampling period. This standard deviation is considered as the sigma
of the measurement error and is used to correct the measured raw value of standard de-
viation of vertical velocity o, . The correction is applied as [oHows.
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where oy, is the corrected value and - 1s the measurement crror discussed above.

For the computation of standard deviation of horizontal wind direction (s,), the ap-
proach used is slightly difTerent. 1t may be noted that the antcnnas of the monostatic
Sodar see different volumes of the atmosphere and hence the instantancous radial ve-
locities at a layer for a given pulse can not give instantancous wind direction. To over-
come this problem, several mean horizontal wind directions arc computed during a
sampling period. From these smaller period (about | min.) mean values, standard devi-
ation for the sampling time is computed and as done in g, computation, measurement
error correction is applied. ITowever, the o, measurements made by the system were not
at all good and there appears to be.some problem in the software which invalidated al-
most all the cases. The Karlsruhe measurements (11} of o, with a similar system showed
very poor correlation with that measured on the tower.

3. Description of the Measurement Locations

The site map is given in figure 3. The KI'A site is about 4 ks southeast of Juelich town.
The terrain of the region is flat and is characterized by agriculture. The KFA is built in
the Stetternich forest { having 20 to 30 high trecs) arca of about 4 square kms and
within this area there are open patches where buildings and lawns are located. The po-
sition of the KIFA meteorological tower, marked T in the map, is surrounded by trees
of about 25m high and bushes within distances of 30m to 60m. To some extent, this in-
fluences the turbulence and wind measurements, especially at the fower heights. The
Sodar was operated at two locations (at different times) within the KI'A arca. Thesc
positions S1 and S2 are marked in the map. Around position S1, there are some small
buildings and trees and the influence of the environment on the Sodar measurements
was similar to that on the KI'A tower. Within a distance of about 100m around pasition
S2, there are no tall trees or tall buildings. ITowever, within a distance of 30m, there arc
small buildings and waste treatment plants with pumps whose noise might influence the
performance of the Sodar. The distancc between St and the tower was 350m and that
between 52 and the tower was 900m.

On the 120m high meteorological tower continuous measurements of wind speed, tem-
perature and humidity are made at § fevels (2, 10, 20, 30, 50, 80, 100 and 120m) and wind
dircction at 3 levels (30, 50 and 120m). The details of the meteorological measurcments
at the station are given in reference (5).

4 ::Co_mpar_ison with Tower Data

4.1 Availability of Sodar data and range statistics

. As discussed earlier, any Doppler Sodar system has to use a validation algorithm be-
cause of the presence of noise, mostly of environmental origin. Also, in general, turbu-
lence decreases with height above ground and the strength of the back-scattered signal
depends upon the presence of small scale thermal eddies (of the order of 10 cm).
Therefore, aver a period of time, the availability of data up to the full range is less than




100%. 'The percentage ol avatlability of data for different favers is given in figure 6. It
is known that stronger winds create more noise and make the signal to noise ratio low
and the validation algorithm may invalidate the data. Also, the signal to noise ratio can
become low duce to poor reflectivity of the atmosphere. In a statically ncutral atmos-
phere, the potential temperature gradient is vero and the mechanical turbulence which
may be present will not produce appreciable €3 {tcmperature structure {unction), Table
1 shows the percentage availability of Sodar data during conditions of different wind
speeds at 30m level (tower). Stronger surface winds drive the atmosphere to near necutral
conditions. In order to se¢ the roll of atmospheric stability and that of surface wind in
invalidating the data, the bulk Richardson number Ry was caleulated for 10 minutes
averaging times from the tower data using the following relation:

g AT

— Az
T ) (Au)’ ‘

Ry = (

where AT and Au arc differences in potential temperature and horizontal wind speed
difference between the heights 120m and 50m respectively. 7 is the average of absolute
temperatures at the same two heights, Az is 70m (120-50) and g is the acceleration due
to gravity. The joint [requency distribution of Ry, and wind speed at 30m height for the
same set of data as that used in figure 6 is presented in table 2. The Ry, values were
grouped into three categories viz R, <-0.2, 0.2 < Ry < 0.2 and Ry > 0.2. The group
0.2 < Rp < 0.2 represents the conditions very close to neutral stability. Number of
validations at [10m layer [or each of the above groups is also given in the table. It can
be seen from the table that {or conditions when Ry} > 0.2, the percentage of validations
at 110 m layver is almost 100% and is almost independent of 30m level wind speed. For
conditions which are very close to ncutral stability, the percentage of validations de-
creases [rom near 100% for cases around 2my/s wind speed to 18% for the speed group
6-8m/s. "These results indicate that when the atmospherc is neutral, there can exist some
thermal eddies which are responsible for the reflectivity of the atmosphere. And when
the environmental noise is low (particularly the noise genecrated by surface wind), the
Sodar system was able to detect this small reflectivity and give the wind components.
With an increased sampling period, say 30 minutes or | hour, the range statistics is ex-
pected to improve as during a larger period it is more likely to have more number of
validations than the required minimum in the validation algorithm.

4.2 Comparison of wind speed and direction

Wind speed and wind direction data from the Sodar system are compared with the KA
tower data. Both the Sodar and the tower data were of 10 minutes sampling time. Mean
wind speed difference between the Sodar and the tower measurements {made concur-
rently) and the standard deviation of wind speed difTerences for different wind speed
groups and at different levels are given in tables 3, 4 and 5 for three different periods of
observation. The data presented cover three sets of continuous periods. The first two
tables correspond to site 1 and the third to sitc 2. The following height combinations
were used as the minimum layer for the Sodar was set to S0m for site I and 40m for site
‘2. The thickness of layers was 20m for both the sites. '

' 1'70} site | Sodar ; 50m 70m 90m 110m 130m
Tower : 50m 80m 80m [20m  120m




TFor site 2 Sodar : 40 60m 80m [0Om  120m
Tower : S0m 50m 80m HO0m 120mm

Scatter plot for wind speed (130m Sodar level and 120m tower level) is shown in figure
7. Linear regression constants and correlation coelficients for the same sets of data arc
presented in tables 6, 7 and 8. The [ollowing relations are used to evaluate the coefTi-

cients and constants.

Y = AX+ B

where Y is wind speed measured on the tower, X is wind speed measured by the Sodar
and A and B are constants.

A
Fariance(X) = -%— Xf - X
=1
N
Variance(Y) = —%; }’,-2 %
i=1
N
Covariance(X,¥) = % Z(,’(,! ¥)- XY
=i
Covariance(X,T)

Variance(X)
B = ¥Y—-AX

2
Variance( X} :, Y

Correlation Coefficient R = A[ Variance(Y)

where N is the number of cases and

¥ = -;\—f ZYI and ¥ = —:i— iyg

i=1 i=|

Similar comparisons are made for the wind direction data from the Sodar system and the
tower. The {ollowing height combinations were used, -

' _ .'_.:_For.sitel Sodar : S0m 110m  130m

Tower : 50m [20m 120m

For site 2 Sodar : 40m 40m  60m 120m
e Tower : 30m 50m S0m 120m




Wind direction difference statistics are presented in tables 9, 10 and 11 for the same three
sets of data . The scatter plot (Sodar Jevel 130m and tower level 120m) is given in figure
& for wind speeds greater than 1m/s and in figure 9 for speeds greater than 3m/s. Re-
gression constants and correlation coefficients {or the wind direction data , computed
using similar relations as those used (or wind speed data, are presented in tables 12, 13
and 14 for the three sets of data.

The mean wind speed differences for 130m and 120m Ievel combination were 0.2m/s and
-0.3m/s for data sets 1 and 2. Tor the third data set, the mean difference was -0.31n/s
at 120m hcight. The standard deviations associated with these mean differences werc
around Im/s for all the three sets. Also at the height of around 120m the mean difTer-
ences and and their standard deviations did not show much variation with wind speed.
However at the lower levels the mean wind speed differences were as high as 1.9m/s.
‘The correlation coefficients were between 0.85 and 0.91 for heights around 120m and it
was between 0.5 and 0.6 at around 50m height. Also at lower heights, wind speeds by
tower were higher than those by the Sodar.

The mean wind direction differences between Sodar and tower at around 120m height
were within about 5 degrees and the associated standard deviations were within about
14 degrees for the sets of data as can be scen from the tables, The variation of mean
wind direction difference with wind speed did not show any trend. At lower levels the
differences were much larger. The correlation cocfficient at around 120m height was
0.98 for all the three sets ol data. To see the behaviour of wind direction differences with
wind direction, mean wind direction difference for cach of 16 compass direction (22.5
degree) sectors were computed and the results are shown in tables 15, 16, and 17. The
mean differences for the 130m and 50m levels are also plotted in figure 10. The mean
difference at 30m level strongly depended on wind direction while at 130 level the
dependece was not so strong. At 50m level, the mean differences were more pronounced
for the wind direction sectors cast of northeast (IINE) through north (N) to west of
northwest {WNW). However the number of cascs in these wind direction sectors were
small.

To sce the effect of wind direction on wind speed comparison, the scatter plot shown in
figure 7 is replotted in figure 11 for cases when the wind direction was between 100 and
180 degrees from north. For these directions the differences in wind directions were
small and here also the spread is much less compared to that in figure 7.

To sum up, at the [20m level, the mcan differences between the tower and the Sodar
data were small for both the wind speed and wind direction. At the lower levels, par-
ticularly at 50m, the scatter was rather high for wind direction data. Tt should be noted
that the distance between the tower and the Sodar was 350m [or site 1 and 900m for site
2 and these are located in the region with thickly populated trees of 20 to 30m high.
Probably, the effect of trees together with the shadowing cffect of the tower on the sen-
sors (the sensors are mounted on instrument arms which project out in the southwest
direction {rom the lattice structured towcr) were responsible for the large scatter in the
wind direction difference at lower heights.

10




4.3 Standard deviation of fluctuations of vertical wind speed

The standard deviation of [luctuations of vertical wind speed a, obtained from the Sodar
outputs (10 minutes sampling time) were used to obtain standard deviation of vertical
wind direction [luctuations o, using the commonly used lollowing relation.

- UW
g, = arcian(?)

where @ is the average horizontal wind speed. Mean o, values {at various heights be-
tween 30 and [30m) corresponding to the Pasquill atmospheric stability categories A to
I are given in table 19. The Pasquill stability class for each 10 minutes interval was
derived from temperature lapse rate (120m - 20m) and wind speed (30m) data from the
tower. Table 18 gives the pre-established criteria, which is in use at the site. The average
a, value for a given stability class, in general, decreased with height. There were very few
cases in the stability classes A and B as the observation period was in the midst of win-
ter. The mean a, value of 4 to 6 degrees given by the Sodar for neutral (ID) category js
rather low compared with the value of about 9 degrees obtained from the vector vane
measurements at a height of 50m on the tower. Also, the standard deviation of o, valucs
was nearly as high as the mean value itself (table 19) in any stability category.

Vector vane measurements of o4 values representing {0 minute sampling time were not
available for the three periods examined in this report. Thercfore a direct comparison
of o, was not possible.

5. Facsimile Records

The facsimile record gives the average intensity (averaged over S pulses) of the echo
{from vertical antenna) as a [unction of height. A sample copy of facsimile record is
given in figure 12. The darkness of the record depends upon the intensity of the echo.
The darkness is a measure of intensity of thermal turbulence in the length scale of about
10 cms and as such this is not of any direct use in the estimation of atmospheric
turbulence/dispersion. Because, in a near neutral atmosphere the echo strength is much
weaker than that in a stable stratified atmosphere and the intensity of atmospheric dif-
fusion in the two cases is just the opposite. [lowever in the facsimile record, though
subjective, it is possible to identily thermal plumes during convective conditions and the
presence of ground based inversions. The facsimile record shown in figure 12 is of about
3 hours period in the night of 20/21-2-90. The thick laver in the figure corresponds to
ground based inversion which had extended upto a height of about 150m from ground.
Abovc:this layer also the strength of the ccho was strong right uptio the full range of the
Sodar (420m). Corresponding to this period vectorial plots of wind in the 420m Jayer
are given in figure 13. The length of vector is proportional to horizontal wind speed and
the orientation indicates the wind direction. Iiach of these profiles is of 10 minute av-
eraging time. [t can be scen from this figure that during the entire period, within the
420m layer, the atmosphere was characterized by strong wind shear, both in horizontal
'speed and direction. [i is interesting to obscrve that such strong wind direction shear
(upto about 90 degrees) could persist for scveral hours.  Under such couditions
~dispersion estimates bascd only on surface measurements arc likely to be highly unreal-
istic. - '

l




6. Conclusions

The range statistics discussed in the report shows that it is very essential to choose a
proper site for the Sodar system where the environmental noise level is minimum. Oth-
erwise, during near neutral conditions when the atmospheric reflectivity is small, the
range statistics will be poor because of the validation algorithm. The presence of both
man made and wind created noise are to be considered while sclecting a site.

The comparison of Sodar data with the tower data showed good agreement at heights
around 120m both for wind speed and wind direction. The mean wind speed difference
at this level was about 0.2m/s with a standard deviation of 1.2m/s. The mean wind dj-
rection difference was within about 4 degrees with a standard deviation of about 10 de-
grees. The correlation between the Sodar and tower measurements for both wind speed
and dircction was [ound to be good at around 120m level. In view of the lact that the
measurements with both the tower and Sodar were ol routine pature, the agreement can
be considered as good. That is to say that there were no special preperations which are
generaly made belore a test run. The comparison showed that there was more scatter
at the lower levels both for wind speed and wind direction. This was probably due to
both the terrrain and tower induced eflects.

The mean values of standard deviation of vertical wind direction (luctuations (a¢) de-
rived from o values corresponding to Pasquill stability categories (derived from AT and
wind speed) were lower than that obtained on the tower using vector vane, Also the
associated scatter about the mean values corresponding to a stability category was of the
same order as the mean value. (I[Towever in the data sets used in this analysis there were
not many unstable conditions). Thus if a scheme is used to descriminate stability clas-
sification using o valucs, the scheme is bound to give unsatisfzctory results (when
compared with any other standard scheme to descriminate stability classes).  Some
studies sited in [iterature (9) show certain success in obtaining approximately the same
frequency distribution of stability classcs as that obtaincd by anv other standard schemce
(0*115 or AT & u or synoptic observations). [t is desirable to make further studies on the
o, values obtained from the Sodar with diflerent sampling times and in different seasons
and then to compare with ¢ values obtained from a standard instrument such as sonic
ancmometer.

‘The operation of the Doppler Sodar system indicates that it is possible to make contin-
uous measurcments of wind speed and wind direction in the boundary laver on a routine
basis with minimum maintenance. This remote sensing technique is valuable in making
site studies and in studying the characteristics of a sitc where air flow within the
boundary layer undergoes modifications due to local ellects such as land and sea breeze
or flow modifications induced by hills and ghats. It can also provide some informations
on the diurnal and seasonal variations ol the dispersive capacity of the atmosphere at a
site (informations such as wind profile, a,, height of boundary layer, presence of elevated
inversions). Mobility of the system makes it possible to study characteristics of a region
to detect the presence of any systematic spatial variability in the air flow. All these in-
formations are required as inputs to many air pollution models which treat longer range
atmospheric dispersion more realistically even in complex terrains. For such purposes a

12




Doppler Sodar can supplement the data obtained by a conventional meteorological
tower.
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Table . Percentage of Sodar validations according to
surface wind speed (at 30 m} for the period from 14-12-87 to 31 12-87.

Wind speed class (m/s)
Height(m) 1 12 23 34 45 56 67 > 7

50 70.8  81.8 809 7i1.1 48.6 26.7 21.6 0.0
70 98.5 96.5 96.8 829 637 340 333 235
90 99.3 975 877 624 363 193 314 353

[0 99.3 98.6 904 oR3 413 260 392 353
130 97.8 968 90.5 703 Al 277 418 294
150 97.1 944 856 729 57.7 411 438 17.6
170 94.2 91.6 932 885 70.7 460 451 41.2
190 39.1 90.5 949 8RR 728 530 523 47.1
210 83.9 ®.8 9211 91.9 745 5223 41k 353
230 759 839 882 892 70.7 449 288 17.6
250 63.5 81.1 84.6 869 o666 382 248 353

270 51,8 76,5 78.6 834 0620 333 209 0.0
290 44.5 73.0 728 T9.0 543 277 17.6 59
310 40.1 649 675 71.6 529 200 137 118
330 33.6 611 653 67.0 43.0 168 11.8 0.0
350 299 56.8 60.2 593 445 126 (24 0.0
370 0.7 526 5354 528 377 81 2.6 0.0

390 226 488 3500 440 276 S1 20 00
410 21.9 432 453 354 260 74 0.7 00

430 14.6 40,0 391 31,3 195 39 1.3 00
450 124 347 339 225 195 49 20 00
470 182 33.0 309 17.2 51 3.2 .3 00
490 [19.7 260 21.8 140 118 25 0.0 0.0
510 22.6 22,1 170 124 103 25 2.0 0.0

530 248 179 137 R3 87 21 0.7 (L0
550 292 18.6 12,6 4.6 6.5 4 20 0.0

570 314 165 84 5.3 43 07 0.7 0.0
590 36.5 137 74 3.0 36 04 0.7 0.0
610 285 7.7 5.1 1.9 t4 04 07 0.0
630 3.1 3.2 1.9 i.9 .7 00 00 00
Total

cascs 137 285 570 627 416 285 153 17
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Table 2. TFrequency distribution of bulk Richardson number and wind speed at
30m. Bulk Richardson number is for the 50 - 120m layer. N is total no.
of cases and Nv is no. of validations from Sodar at 110m layer. The
data set used is from 14-12-87 1o 31-12-87.

Wind speed Bulk Richardson number
m/s (30m)

<-(.2
N Nv
< 2 3 3
2to 4 3 12
4to6 2 I
6to8 0 {}
All cases 5 4

0.2 t0 +£0.2
N Nv

&L RO
823 602
657 196
41 25

1702 903

> 0.2
N Nv
299 296
346 338
77 74
47 45
769 753




‘Table 3. Wind speed differences between tower and Sodar measurements during
the period from 14-12-87 to 31-12-87 at site 1.

Heights(m) Wind speed class (m/s)
Tower Sodar ali
<2 24 4-6 6-8 810 10-12 >12 cascs

N 155 543 622 195 33 0 0 1548
5650 D 02 08 1.8 28 30 0.0 - 1.4
Sb 0.7 09 1.2 7 27 0.0 - 1.4

N 148 403 694 471 162 21 Q) 1899
70 D 02 10 20 27 29 2.5 - 1.9
SD 0.6 08 i 4 2.1 2.2 - 1.5

N 152 403 586 301 10l 22 0 1565
& 90 D -02 04 08 1.0 10O 09 - 0.7
Sb 0.7 08 Lo 12 1.5 1.2 - 1.1

N 137 263 576 378 155 53 3 1565
0o % D 00 07 13 1.7 2.1 £y 23 1.3
S 06 088 09 I 6 1.0 1O [.1

N [3% 264 581 432 186 67 3 1672
100 1o D 00 05 08 0.6 08 06 1.1 (3.0
SD 0.6 09 [ 1.2 [.5 1.2 0.8 I.1
N 137 250 530 428 218 97 2 1672
20 1160 D 0.0 0.5 09 i 1.3 L2 2.1 0.9
S 0.6 1.0 .1 1.2 1.4 .4 0.6 .2

' N 134 248 525 432 226 1it i2  i688
126 130 D -02 03 04 02 0.0 03 09 0.2
SD 0.5 [.1 i1 [.3 ) 1.8 OR 1.2

N is number of cases cach of 10 mins. averaging period.
D is mean difference in wind speed (m/s) {(Tower - Sodar).
SD = standard deviation of wind speed differences (m/s).




Table 4. Wind spced differences between tower and Sodar measurements during
the period from 04-01-88 to 13-01-8R at site I.

Heights{m)

Tower Sodar

50

30

{00

100

120

120

70

90

90

110

110

30

<2 2-4
N8 266
D 04 03
SD 0.7 08
N 2 167
D 02 04
SD 0.1 07
N2 16y
D -0.5 0.2
SD 0.1 0.6
N o0 103
D - 02
SD - 06
N 0 10l
D - 02
SD - 07
N0 11
D - .03
SO - 08
N o0 i3
D - -07
SO - 10

4-6

285
[.2
1.3

386
[.3

1.0

367
0.2
0.8

291
0.6
0.8

296
.0
0.9

252
0.1

10
256

-0.5
[.1

Wind speed class (m/s)

6-8

148
1.9
1.7

227

1.0

275
0.3
|

264
(.6
1.1

261
~0).3
1.2

8-10

21
2.3

2.5
99

2.5
[.7

69

]_'\).—.\

f
I
129

1.9
1.3

130
0.7
1.1

156
.0
1.1

170
0.1
1.2

10-12

0O
2.0

2.0

25
2.5

2.6

8
1.3
1.7

21
2.1

P

[.3

34
1.0
2.2

S
1.6
1.9

54
0.2
1.3

all

> 12 cascs

3.7
3.3

'3
-1.8
(1.6

5

0.1

L3

5

0.3
1.8

N is number of cases cach of 10 mins. averaging period.

D is mean difference in wind speed (im/s) (Tower - Sodar). _

8D is standard deviation of differences(m/s) . . o0

744
1.0
1.5

911
1.5
1.4

317
0.4
1.0

hS
1.0
i

839
0.2
l.1

- 339

0.2

12

R59
-0.3
1.2
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Table 5. Wind speed differences between tower and Sodar measurcments during

20

the period from 22-12-89 to 30-12-89 at site 2.

Heights(m) Wind speed class (m/s)
Tower Sodar

all

<7 2-4 4-6 6-R K40 1012 =12 cases

N 40 12t 110 3 9 I 0
50 40 D -03 -0.1 L7 27 42 22 -
S t7 20 22 1.6 28 0.0 -

N 112 405 417 74 I8 l 0
060 D 02 03 09 27 50 1.0 -
S 0.7 08 1.2 25 1.9 0.0 -

N 37 302 399 17} 23 5 0
g0 80 D 0.0 03 07 0.5 2 33 -
SD 0.6 09 09 i.1 2.2 l.} -

N 32273 393 221 60 3 3
100 1o D -0.6 -0.1 o1 0.2 -04 03 4.1
Sb 05 08 09 08 P8 28 26

N 38 257 359 206 100 28 3
120 120 D -04 -0.2 -0.3 -4 -09 -02 0.
Spg6 09 09 09 23 24

N is number of cases cach of 10 mins, averaging period.
D is mean differcnce in wind speed (m/<) {Tower - Sedar).
SD is standard deviation of wind speed differences {m/s).

289
0.8
2.4

1027
0.7
1.5

957
0.5
1.0

990
-0.1
1.0

991
-0.3
1.0 .




Tabte 6. Correlation between wind speeds measured on the tower and by Sodar
during the period from 14-12-87 to 31-12-87 at site 1.

Heights(m)

Tower Sodar N A B R
50 50 1548 0.48 0.74  0.59
80 70 1899 0.60 0.16  0.72
80 90 1565 (}.86 0.03  0.88
100 90 1565 0.78 -0.09 088
100 110 1672 (.94 -0.30 0.90
120 110 1672 0.87 -0.14 089
120 130 1688 (.99 IR 0.90

Table 7. Correlation between wind speeds measured on the tower and by Sodar
during the period from 04-01-88 to 13-01-8% at site 1.

Heights(m}

Tower Sodar N A B R
50 50 744 (.58 .93 (.62
&0 70 911 .64 (.60 0.72
20 90 817 0.76 0.97  0.81
100 90 17 0.70 .85  0.82
100 {10 39 0.85 0.70 (.34
120 [0 839 0.77 |.0d 1.R3
120 130 859 0.86 [.17  0.85

Table 8. Correlation between wind speeds measured on the tower and by Sodar
during the period from 22-12-89 to 3[-12-89 at site 2.

Heights(m)

Tower Sodar N A [} R
50 40 289 0.36 .61 (.28
50 60 1027 0.50 119 (.56
80 &0 957 ) 8& (0.03 (1.83
100 100 990 0.9% 0.15  0.8R
120 120 991 .05 0.08  0.9]

YH=AXO+B  Y(ip- Tower data  X(i):- Sodar data.
i=110 N

Wind speeds in m/s

N is number of cases - cach of 10 mins averaging period
"R is correlation coefficient '
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Table 9. Wind direction differences between tower and Sodar measurements for
the period from 14-12-87 to 31-12-87 at site 1.

Tower Sodar Tower Sodar Tower Sodar
50m  S0m 120m 110m [20m [30m

wind speed

class(m/s}) N D SD N D SD N D SD
0 to 1.9 155 -8.1 389 137 8.7 434 i34 39 293
2.0to 3.9 543 6.5 317 250 4.6 22.7 248 1.3 20.2
40to 5.9 622 16.5 295 530 1.2 9.2 525 -1.0 10.0
6.0to 7.9 195 22.1 39.2 428 -0.2 10.3 432 1.9 9.9
8.0 to 9.9 33 179 248 218 ‘().7 1.0 226 -0.2 83
10.0to 119 0 00 00 97 0.4 7.7 bt -2.6 85
12.0 to 13.9 0 - - 12 -0.5 3.0 12 -58 44

>13.9 0 - - 0 - - 0 - -

All cases 1548 11.3 364 1672 1.8 17.6 1688 04 142
N is number of cases cach of 10 mins. averaging period.

D is mean differcnce in wind dircetion (degrees) (Tower - Sodar).
Sd is standard deviation of wind direction differences (deg.). '

22




Table 10. Wind direction diffcrences between tower and Sodar measurements for
the period from 04-01-88 to 13-01-88 at site 1.

Tower Sodar TowerSodar Tower Sodar

50m 30m 120m 10m 120m 130m
wind speed
class{m/s) N D SD N D SD N D SD
0 to 1.9 IR -5.9 20.6 0 00 0.0 O 0.0 0.0
2.0to 39 250 -1.7 19.2 il 0.7 104 113 48 99
4010 5.9 246 1.2 328 252 2.1 R.3 256 -6.2 9.7
6.0 to 7.9 g9 34 351 264 -04 8.5 261 2.1 9.6

ROto 9.9 20 113 20.6 156 -3.6 7.7 170 -6.2 7.4

1000119 6 248 30.0 51 -2.3 KRR 54 =58 B.S
12.0 to 13.9 0 00 00 4 7.0 10.6 S 8.0 97
14.0 10 15.9 0 00 00 [ -5.0 0.0 0 0.0 00

> 159 0 0.0 0.0 0 00 00 0 0.0 0.0

TR59 <47 94

~1

All cases 639 0.7 282 839 -1.5 R
* N is number of cases cach of 10 mins. averaging period.

D is mean difference in wind direction {degrees) {Tower - Sodar).
SD is standard deviation of wind direction differences(deg).
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Tablel I.
wind  Tower Sodar
speed  (30m) (40m)
class '
(m/s) N D SD
<2 60 -52.5633
2-4 189 -18.8 46.8
4-6 32 4.0 40.2
6-8 8 19.0 357
8-10 0 0.0 0.0
10-12 0 0.0 0.0
>12 0 0.0 0.0
All 289 -22.2 529

Wind direction differences belween tower and Sodar measurements for
the period [rom 22-12-89 to 30-12-89 at site 2.

Tower Sodar
(50m) (40

N P SD
40 -65.4 59.0

12V -26.545.2

16 -20.1 50.3
3 0.3 35.0
9 7.2 34.5
[ -5.0 0.0

Y 0.0 0.0

289 -27.6 51.5

Tower Sodar
(50m) (6()

N D SD
112 0.6 26.2
405 49 204
417 104 159
74 19.0 327
IR 1.6 305
I =60 0.8
0 00 0.0

1027 7.8 214

N is number of cases each of 10 mins. averaging period.
[} is mean difference in wind direction (degrees) (Tower - Sodar).

SD is standard deviation of wind direction differences {deg.).

24

Tower Sodar
{(120m) (120m)

N D SD
38 27177
257 1.1 14.2
359 52 R4

206 7.0 6.9

OO0 10.0 6.0
28 9.0 6.5
3103119
991 4.5 109




Table 12. Correlation between wind directions measured on the tower and by
Sodar during the period from 14-12-87 10 31-12-87 at site 1.

Heights(m)

TowerSodar N A B R
50 50 1548 0.83 2384 0.8R
120 110 1672 1.01 -2.70 (.97
120 130 1688 0.96 7.87 (.98

Table 13. Carrelation between wind directions measured on the tower and by
Sodar during Lhe period from 04-01-88% to 13-01-R88 at site 1.

Heights(m)

Tower Sodar N A B R
50 350 639 0.73  50.18 0.91
[20 110 339 0.96 9.53 (.69
120 130 8359 0.90 23.44 (.99

Table 14. Correlation between wind directions measurcd on the tower and by
Sodar during the period from 22-12-89 10 30-12-89 at site 2.

Heights(m)

Tower Sodar N A B R

30 40 280 0.78 4327 0.58

50 40 289 0.82  39.09 0.60
50 60 1027 0.97 283 0.93
120 120 991  0.94 340 098

Y(H=AX{H+B Y- Tower data
Wind Dircctions in degrees.

N is number of cases cach of [0 mins. averaging period.
R is correlation cocfficient.

X(i):- Sodar data
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Table 15, Wind dircction differences between tower and Sodar meas-
urcments for the period from 14-12-87 to 31-12-87 at site |,

 Tower Sodar Tower Sodar Tower Sodar
wind 50m 50m 120m 1i0m 120m 130m
direction
sector n D SD n P SD n D SD
N 27 -6.77 398 17 14.60 23.1 {7 163 1835
NNE 17 -81.8 32.7 4 -I8.0 13.2 4 7.0 11.2
NE 16 -58.3 29.i 9 -30.1 424 8 3.8 153
ENE 16 -42.9 252 {12 &1 343 11 55 17.0
E 57 -11.7 47.4 55 -04 219 55 -1.0 127
ESE 261 -2.9 26.6 296 -2.6 8.1 298 -6.9 6.1
SE 86 -85 354 177 09 K2 176 -7.2 6.6
SSE 26 141 30.2 St 7.3 195 50 -5.5 173
S 26 -7.7 389 27 117 184 20 0.5 14.1
SSW 15 7.5 219 65 38 231 64  -0.3 23.0
SW 138 223 258 3R 97 342 4.0 TR
WSW 438 24,5 30.2 444 2.0 106.8 445 3.7 137
W 337 203 3.6 108 -0.1 114 08 0.3 10.1
WNW 51 231 39.0 23 0.7 239 IR -7.3 7.}
NW 12 21.3 46.8 16 228 47.6 i7 17.1 388
NNW 25 7.0 21.3 S0 217 41.0 49 1609 30.2
All
Sectors 1548 11.3 36.4 1672 1.8 17.6 1688 0.4 14.2

n is number of cases cach of 10 mins. averaging perind.
D is mean wind direction difference {(degrees) (Yower - Sodar).
SD is stanard deviation of differences in wind direction (deg.).




Table 16. Wind dircction differences bhetween tower and Sodar meas-
urements for the period from 04-01-88 to 13-01-88 at site 1.

Tower Sodar Tower Sodar Tower Sodar
wind 50m  50m 120m 110m 20m 130m
direction
setor n D SD n D SD f D
N 3 1057 6.2 0 - - 0 -
NNE 3 -98.0 6.2 0 - - 0 -
NE 6 -60.2 303 0 - - 0 -
ENE 1t -485 119 0 - - 0 -
E 31 -31.8 15.1 0 - - 0 -
ESE 45 -13.6 100 141 -46 5.7 142 -10.0
SE 144 -84 135 168 -5.6 52 172 -11.9
SSE 34 -6.5 103 117 -2.5 6.6 119 -R.7
S 29 0.8 1601 33 1.7 Ro6 53 -4
SSW 39 33 224 54 5% 59 57 1.4
SW 98 17.0  23.1 17 42 10.6 1o 4l
WSwW 81 (8.1 27.3 1o -1.0 104 109 {.9
W 167 159 259 78 -1.6 9% 87 0.5
WNW ] 8.8 205 I 5.0 - t -7.0
NW 0 - - - 0 - - 0 -
NNW 0 - - 0 - - 0 -
All
scctors 639 0.7 282 R39 -1.5 87 859 4.7

n is number of cases cach of 10 mins. averaging period.
D s mean difference inwind direction(degrees) (Tower - Sodar).
SD is standard deviation of wind dircction differences{deg.).:

9.4
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Table 17. Wind direction differences between tower and Sodar meas-
urements for the period from 22-12-89 to 30-12-89 at site 2.

Tower Sodar Tower Sodar Tower Sodar Tower Sodar

30m  40m 50m  40m S0m 60m i120m 120m

Wind

Direc n D Sp n > SD n D SD n D Sb

-tion

Sector
N 0 - - 0 - - 0 - - 0 - -
NNE 0 - - 0 - - 0 - - 0 - -
NE 0 - - 0 - - 0 - - 0 - -
ENE 0 0.0 0.0 0 0.0 0.0 5 -37.2 544 7 17.6 8.2
E 22 -77.3 699 73 -59.567.7 306 9.2 16.2 213 0.7 109
ESE 130 -28.3 56.6 92 -26.2 41.5 3210 7.5 13.1 326 4.0 R.8
SE 55 -19.530.9 44  -29.7 364 94 -2.2 20.2 100 2.0 16.6
SSE 34 271276 - 30 -139249 71 -8.6 27.9 73 2.5 118
S 7 21.4 36.3 10 2.2 36.2 34 4.7 13.1 82 5.6 RS9
SSW 6 8.3 32.0 ) 15.7 20.6 28 7.1 15.1 57 87 7.3
SW 6 333129 i1 15.3 22.3 48 188 20.6 64 95 7.5
WSW R 18.0 22.6 7 8.4 32.6 60 30.6 29.1 41 129 7.0
W 13 276414 11 15.3 38.3 31 19.7 358 7 14.0 5.6
WNW 7 6.3 14.2 5 -34 77 22 5.8 29.1 9 &8 6.5
NW 1 10,0 - 0 - - 7 -59 9.5 2 150 3.0
NNW 0 - - 0 - - 0 - - 0 - -
All

Cases 289 -22.2 529 289 -27.651.5 1027 78 214 901 4.5 10.9

n is Number of cases cach of 10 mins, averaging period.

D is Mean difference in direction (Tower-Sodar) in degrees.

SD is standard deviation of differences in degrees.
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Table 18. Criteria for determining Pasquill diffusion categorics using
temperature gradicnt and wind specd at KFA. Temper-
ature difference is beiween 120m and 20m levels of the KFA

tower,

Wind specd (m/s) at 30m
Temperature 0.0 2.0 3.0 4.0 5.0 6.0

difference {0 to to to to to
(K) 1.9 2.9 39 4.9 3.9 6.9
< -1.5 A A B B C C

-l.5t-14 A B B C C C

-13to-1.2 A B C C C D

-1.1 B B C C D D
-1.0 B C D D D D
-0.9 C D D D D D

-0.8 to -0.7 D D D D b D

-0.6to 0.0 E D [ D D [B)
0.1 to 2.0 F E E I E D

>20..0F F - O F o E LB E T

7.0
to
3.9
C

D

D

D

8.9
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Table 19. Values of standard deviation of fluctuations of vertical wind
direction calculated from Sodar outputs at site |,

Period @ 14-12-87 to 3{-12-87

Pasquill Stability Class

A B C D, E F
Height (m)
N 2 23 47 871 321 67
50 M 6.8 5.5 6.0 5.9 3.8 3.9
S 1.3 4.4 4.7 5.3 3.5 3.9

N 2 41 76 {143 385 94
70 M 10.4 7.8 6.9 6.8 3.3 3.7
S 1.7 4.6 4.7 4.1 2.2 32

N 2 34 70 &30 386 101
9% ™M 0.6 7.4 6.0 4.9 2.9 2.8
S 2.2 35 3.2 2.6 2.0 2.4
N 2 35 76 951 383 FG1
o ™M 13.9 8.6 6.7 4.0 2.7 2.8
S 2.9 4.5 34 2.3 2.0 2.2
N 2 490 &3 974 377 101
130 M 17.5 7.0 5.6 3.2 2.5 2.7
S 4.3 3.4 3.3 1.9 1.9 2.1

Stability class was determined by tower data - wind speed(30m)
and temperature difference(120m-20m).
N is number of cases - cach of 10 mins. averaging period,
M is mean value of sigma-phi(deg.) derived from sigma w
and wind speed.
S is standard deviation of sigma phi valucs.
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