ALMA MEMO No. 363

VELOCITY OF THE EFFECTIVE TURBULENCE LAYER AT

CHAJNANTOR ESTIMATED FROM 183 GHZMEASUREMENTS

Guillermo Delgado

Onsala Space Observator y/ European So uthern Observ a tor y

Casilla 19001, Santiago 19, Chile

E mail: gdelgado@eso.org

Lars- Åke N yman

Onsala Space Observator y/ European So uthern Observ a tor y

Casilla 19001, Santiago 19, Chile

E mail: lnyman@eso.org

Abstract ˘ The cross-correlation of the precipitable water vapour (P WV) variation of two water vapour radiometers placed at the ends of a 300-m baseline along the E-W direction was used to measure the time lag between the structures seen at each radiometer. With a fixed separation between the two radiometers, and observing with parallel beams, we can determine the effective speed of the turbulence layer.

A linear relation between the turbulence layer speed and the ground wind speed was found indicating that the turbulence speed is roughly twice as high as the ground measured wind speed.

The temporal phase structure function was calculated, showing that the turbulence screen goes through a daily cycle associated with the insolation, with a well-defined layer structure at the extremes of the cycle.

The cross-correlation method allows the reliable measurement of the effective turbulence speed for about

90% of the day, apparently associated with the wind direction and the time when the turbulence layer is high up (the definition of ^high up~ is still uncertain). This implies that with a variation of this method, by moving the beams in the sky, we can continuously measure the height of the turbulence layer during most of the day, providing a very useful tool to assess the dynamics of the turbulence layer.

Introduction

One of the main concer ns for ALM A is the imaging q uality possible to achieve. T he presence of water vapour in the atmo sphere degrades the p hase characteristics o f a plane wave travelling through the troposphere. T he reason for this is the higher refractive index of the water vapour and the poor mixing of water vapour with the ^dr yair~ co mponents (other gaseous co mponents o f the air at the tropospheric heights).

A proposed technique to correct for the phase variation introduced b ythe water vapour in the atmo sphere is the measurement of the brightness temperature along the line of sight and then relate this brightness temperature fluctuatio ns to phase fluctuations. T his is possible due to the lo wdispersio n of millimetre and sub -millimetre wavelengths in the troposphere and thro ugh the use of linear relations between electric path length delayand the PWV content [1].

At Chajnantor, the selected site for ALM A, we have started a series o f experiments to assess the possibility of using this phase correction technique [2, 3]. Our first results indicate that phase correction is possible with good results (up to 75% phase correction), but the phase correction possible to achieve presents variations during the day[4]. A correlation between the success o f the p hase correction and the height of the turb ulence layer has been proposed, with better phase correction results when the height o f the turbulence layer is high. As discussed in [4], this can be an effect of the setup because of the large far-field distance of the interfero meter.

In order to confir mthis result we need a reliable method to continuouslyestimate the height of the turbulence layer at Chajnantor. Presentlythere are two methods in use at Chajnantor: the first one are the tropospheric profiles obtained fro m radiosonde launches at Chajnantor and the second method uses the twointerfero meter technique [5]. While the first method is the most reliable because it directlyindicates the presence and real altitude of water vapour layers in the atmo sphere over the site, it is cumberso me and we do not have good coverage over the year or even during the daymainlybecause of the logistic difficulties of organising radiosonde launch campaigns. T he two -interfero meter method, can in principle be used at all times, but faces other practical problems. T he most severe limitation is the one imp o sed b ythe need to have simultaneouslywor king the two interfero meter s and a weather station measuring wind speed and direction at Chajnantor. T his sound s in principle trivial, but the realityhas proven to be different [5]. Besides, there is the also the problemof estimating the wind aloft fro mgro und measurements.

We propose here another method to find the height of the turbulence layer. T his method relies on the recentlyadded capabilityof the 183 GHz water vapour radiometers (WVR) to move the primarymirror, making it possible to orient the beamto almo st any position on the sky. T he idea of this method is based on the assumption o f a frozen screen approximatio n of the turbulence layer. If the PWV signal fro mone WVR is cross-correlated with the PWV signal fro mthe other WVR, with both beams parallel, we should be able to see the passing turbulent structures fro mone beamto the other in a time corresponding to the transit time over the baseline. With a known transit time, we can obtain directlythe effective turbulence speed. No w, if we move the primar ymirror of both WVR in order to geo metrically cross the t wo beams at different heights along the baseline between the WVR, we can find a position where the time lag of the crosscorrelation is zero. T his sho uld correspond to the height of the turbulence layer. Variations of this method based on the fixed geo metr ycan be used to optimise the deter minatio n of the turbulence height with fewer measurements.

A first approach to assess the feasibilityo f this method is done here bycalculating the lag time given b ythe cross-correlation between the two WVR while theyare oriented to wards an elevation o f 37.75° (in the direction of satellite I ntelsat IS 605). As long as the WVR beams are kept parallel, independent of the relative orientatio n in the sky, the projected baseline will remain constant and hence a direct deter minatio n of the speed of the turbulent screen will be possible.

Cross-correlation results

T he cross-correlation of the time series of the WVR is done b yreading a data block of the West WVR time series, defining a base frame with a constant length. T his data block is co mpared (cross-correlated) with a mo ving windo wof the East WVR time series. T he cross-correlation is defined by:

( )

( ) ( )

( ) ( ) ( ) ( ) å å

å

+

+

= i

i E i

i W

i

i E i W t T t T

t T t T r

2 2

t t

t (1)

with i defining the length of the co mparison windo ws, and t var ying symmetricallyaround the centre time

of the fixed base frame on the West WVR.

T he attained maximum of the cross-correlation peaks at a certain t value that corresponds to the time lag of

the PWV signal between the two WVR. T his time lag, over the fixed baseline length, defines the effective

speed of the turbulence. T he difference between the size of the data block frame and the compariso n

windo wdefines twice the time lag possible to measure.

T o define the length o f the data block frame and the compariso n windo w we can observe the PWV series.

In the centre plot of Figure 1 we see the co mplete PWV variation d uring day15/11/99 and in the smaller

plots around it there are one-hour details of this PWV variation for the two WVR. Fro mthe one-hour detail

sho wing 3 to 4 hours UT time (lo wer plot to the left) the structures seen are about 900 seconds in width,

with an average turbulence layer wind speed of ~10 m/s at this time, these structures have a minimum size

of ~9000 m. On the 16 to 17 hours UT plot (upper plot to the left), the structures have a width of about 200

seconds, with an average turbulence wind speed of 16 m/s at this time, the str uctures present a minimum

width of ~3000 m. Since the turb ulent structures var yin size d uring the day, then the optimal size o f the

data block frame is given b ythe wind speed at the time of the measurement, during periods of lo wer wind

speed we need a 3-times longer data block frame to capture the structures as co mpared with those times

with higher wind speed.

Figure 2 sho ws the maximu m of the cross-correlation for the data block frames dividing the co mplete day

15/11/99. T he maximum cross-correlation coefficient is the peak cross-correlation value within the time lag

allo wed b ythe measurement. T he two cases presented correspond to a data block frame of 300 sec (5

minutes) and 900 sec (15 minutes) with a co mpariso n window of 180 sec (3 minutes) and 540 sec (9

minutes) respectively. It can be seen that both time frames (with associated windo ws) give about the same

result. With a data block frame of 300 sec and a co mparison windo wo f 180 sec, we can measure a ±60 sec

lag time, which deter mines that turbulence speeds lo wer than ±5 m/s can not be detected. With a data block

frame o f 900 sec and a comparison windo w of 540 sec, we can measure a ± 180 sec lag time, defining a

minimum turbulence speed detection of ±1.7 m/s.

Examples of the cross-correlation for day15/11/99 over the 5-minute frames are given in Figure 3, where

the results are given in o ne-hour intervals, with twelve measurements in each o ne. T he label indicates the

starting UT hour represented in each plot, coinciding with those times indicated in Figure 1. T he heavy

curve in black dots represents the hourlyaverage o f the t welve 5 -minute frames. T he two lower plots

corresponding to 16 UT and 22 UT sho wwell defined cross-correlation peaking in a clear time lag within

the measured windo w. T he plot corresponding to 3 UT also sho wa clear peak of the time lag, but so me of

themare alread yon the border or out of the edge of the measured windo w, the measuring of the time lag

will clearlybenefit fro ma larger windo w. I n the case of 9 UT we can see that the lack of a correlation is

because the signals are not correlated at all, increasing the measured windo w does not help here.

On the 300 sec frame, we have 288 average cross-correlation coefficients calculated during the 24-hour

recording, discarding those ones with maximum amplitude lower than 0.6, we obtain 156 points with valid

data (54% valid data). Considering the longer frame of 900 sec, we have 81 data points with correlation

coefficient over 0.6 out of a total of 94 measured over the 24-ho ur period (86% valid data).

T he valid cross-correlation coefficients provide a time lag and this value in tur n, over the fixed baseline

length, gives an ^effective turbulence speed~ along the baseline. T his turbulence layer speed is the signature

of the do minant str uctures in the turbulence layer and might be different fro mthe actual wind speed at that

height, but it is the one creating the phase variations seen from ground.

T his value o f effective turbulence speed can be compared with the ground wind speed projected along the

baseline. Figure 4 sho ws the co mparison between these two speeds after removal of the scattered data

points (larger than ± 50 m/s for the effective turbulence speed). A linear fit indicates that the proportionality

factor between the effective turbulence speed along the baseline and the projected ground wind is given b y

1.8 for the 300 sec frame and 1.6 for the 900 sec frame. Since the wind alo ft should depend on the height,

this linear relation between the projected ground wind speed and the measured turbulence layer speed might

be indicating that in Chajnantor there is a linear relation between the actual ground wind speed and the

height o f the turbulence layer.

T he origin of the negative speeds, both in the effective turbulence speed and the projected ground wind

speed, are in an inversion o f the predo minant ground wind speed. As can be seen in Figure 5, this inver sion

is produced at around 8 UT (4:00 local time) and lasts for a few hours. T his change of direction coincides with the absolute minimum ground wind speed as can be seen in Figure 6, were we have plotted the cosine

of the ground wind direction, referred to the E-W baseline, against the absolute value of the ground wind

speed. A value of 1 indicates a wind co ming fro m the West, while a value o f ˘1 indicates a wind co ming

fro mthe East. An inter mediate value of zero indicates a wind perpendicular to the baseline, co ming fro m

the North ( mo st likely) or the So uth (rare).

In Figure 7 we have the co mpariso n between all the maximum cross-correlation values for day15/11/99,

using a 900 sec frame, with the projected ground wind speed (upper plot) and the wind direction (lo wer

plot). For the wind direction we used again the cosine o f the wind direction referred to the E-W baseline.

T he cross-correlation does not seemto be related to the ground wind speed, even when lo wer values of

cross-correlation and a higher scatter can be seen at lo w wind speeds. On the other hand, there seems to be

a clear relation between the cross-correlation and the wind direction, with a decrease in the cross-

correlation when the wind blows through the North to start blo wing fro mthe East (period of wind direction

inver sion). T his is reaso nable since d uring this time we have the coincidence of the minimum ground wind

speeds and the wind blo wing perpendicular to the baseline.

Fro m radiosonde measurements it is possible to estimate the height of the turbulence layer b yobserving the

ano malies on the vertical temperature distrib ution, these measurements indicate the height at which an

inver sion layer is present and we assume that the water vapour is trapped there creating a turbulence layer.

For days 6 and 7 November 1999, were we have radiosonde launches, we co mpare the result o f the cross-

correlation analysis with the height of the turbulence layer estimated fro mthe radiosonde profiles. Figure 8

indicates that there is a tendencyto have a lo wer cross-correlation when the turbulence height is lo w. T his

in tur n seems to occur during the first half of the UT day, or equivalentlythe local night-time between

20:00 to 8:00 local time, this again yield s to so me sort of relation between the height of the turbulence layer

and the gro und wind speed.

Temporal phase structure function

T he atmosp heric phase variations due to water vapour can be characterised b ythe sq uare root of the spatial

phase str ucture functio n, defined as the root mean square of the phase variations over a given baseline

length. T hanks to the frozen screen approximatio n, we can relate the spatial phase fluctuation to the

temporal phase fluctuatio n and thus, fro mthe phase time series, it is possible to derive the temporal phase

structure function. According to this, we obtain a function of the for m[6]:

( ) ( ) ( ) ( ) a

f f f t K t t t t D = + - = 2

0 0

(2)

where a is a exponent with its value depending in the turb ulence layer characteristics. For a thick (3D)

layer the exponent is 0.83, for a thin (2D) layer, the exponent is 0.33. Intermediate values of a can be

explained b ya superposition of thick and thin layers [6] or a transition between different layer thickness.

When the temporal phase structure function is evaluated for t , it is found that there are two ver ydistinct

zones. T he first one, for small values of t , increases follo wing the po wer law function with the exponent a

and a second zone, at large values of t , where the function saturates to a value s

f that represents the rms

phase over the 300-m baseline (see Figure 9).

Fro mthe PWV time series it is possible to derive the phase variation time series b yconverting the PWV

variations to path delayvariations and fro mthese values to phase variatio ns through a linear relation as

described elsewhere [3].

We computed the temporal phase structure functions of the phase time series of the WVR for the day

15/11/99, dividing the dayin 10-minute blocks. No instrumental error was remo ved fro mthe time series,

even when at times of ver ylow atmospheric activity there is evidence for the presence of noise at around 10

UT (Figure 9 a)), as compared with times with higher phase no ise at around 18 UT (Figure 9 b)).

T he dailyvariation of the a exponent for the observed day15/11/99 is sho wn in Figure 10. It can be seen

that mo st of the day, between 0 UT and ~12 UT (20:00 and 8:00 local time) the turb ulence layer sho ws thin

characteristics. While for a shorter time between 15 UT and 20 UT (13:00 and 16:00 local time), the

turbulence layer is definitively thick. At sunrise (~12 UT ), there is a sharper change between the two types

of turbulence layer than during the after noon (between 16:00 and 20:00 local time) when the atmosphere

changes state more slo wly over a fo ur hour period.

T he square root of the average value of the temporal phase structure functio n after reaching saturation, at

long time values, gives directly the r ms phase for the observed period. T he variation of the rms phase

during the dayis ver y much correlated with the daily variation of the a exponent (Figure 10).

A co mparison with the ground wind speed and direction (seen in Figure 5), sho ws that the a exponent is

not related to the wind direction, but might be related to the wind speed (or rather, probablythe wind speed,

the r ms phase, and the a exponent are all related to the insolatio n , defining mo st of the daily tropospheric

cycles observed at Chajnantor).

Fro mthe temporal phase str ucture function data obtained ever yten minutes it is also possible to obtain the

^corner time,~ this is the time when the temporal phase structure function saturates to reach an

approximatelyflat value (the a exponent beco mes zero). T his average value at larger times corresponds to

the r ms phase for the sampled period. T he intersection of the exponential function with the a coefficient for

lo wtimes and the r ms phase at larger time values define a time kno wn as ^corner time~. T his corner time t

c

can be related to the wind aloft v b y[6]:

( )

c t

B

s v a =

where B is the baseline length. And s( a ) is a scaling functio n obtained fro mnumerical simulations [6]:

( )

03 0 35 0 91 0 . . . s ± + = a a

While this corner value gives the velocityaloft, this value does not have an indication of the wind direction

and thus we did not attemp t to correlate it with the turbulence velocity deter mined with the cross-

correlation method. Figure 11 sho ws the result of the velocity alo ft calculation and the projected ground

speed. Here we can see that the two velocities correspond to each other ver yclosely, without sho wing the

relation found thro ugh the cross-correlation that indicated that the wind aloft was about t wice the projected

ground wind speed. T his is probablydue to the size o f the data block used, since fro mFigure 9 we can see

that the saturated area is just beginning. Since this is not relevant for uor wor k we will not go in more

details here.

Conclusions and discussion

We have successfully used the cross-correlation of the PWV signal fro m the t wo WVR to measure the

speed of the turbulence layer along the 300-m E -W baseline of the WVRs . Co mparing this effective

turbulence speed with the projected ground wind speed, we obtain a linear fit indicating that the turbulence

speed is roughlytwice as high as the ground wind projected on the baseline. Fro m radiosonde data [7] we

have that the wind speed is twice as high as the ground speed at variable heights between 500 to 1,000 m.

Adding the value of the actual height of the turbulence layer, at the same time as the speed is deter mined,

we might be able to find a more accurate relation between the ground wind speed and the turbulence layer

speed.

T he relation obtained between ground wind speed and the speed of the turbulence layer might introduce a

revision o f the q uantitative results at [5] that indicate that 70% of the time the turbulence layer is belo w500

m. Using a speed for the turbulence layer twice as high as the ground speed, the updated result is that 70%

of the time the turbulence layer is belo w1,000 m. T his is still a ver ygood case for the matching of the astrono mical and WVR beams on the final telescope design. According to Gibb and Harris [8], with the

actual design parameters of ALM A and with the turbulence layer at 1,000 m, the o verlap between the

astrono mical and WVR beams is better than 80% at 2 air masses.

T he relation between the effective turbulence speed and the ground wind speed is affected by the fact that

our results are considering about 90% of the data. T hese data seemto be concentrated during those times

when the turbulence layer is high and thick and the wind speed is high and blo wing mostlyparallel to the

baseline, according to wind and radiosonde measurements and the temporal phase structure results.

We also found that the correlation is difficult to achieve or fails co mp letelywhen the turbulence layer is too

close to the ground. T his coincides with the local night-time when the PWV and the phase variatio ns are at

a minimum. At this time of the daythe wind speed is at a minimum and goes through an inversio n of the

predominant West direction blo wing at times perpendicular to the baseline. We have to remind also that our

method has a minimu m speed detection of ±1.7 m/s. T o conclude, we think that the loss of correlation

under these conditions is because the ver ylo w and thin turbulent layer is not well measured too close to the

ground.

During the local night time, not only the turbulence layer is lo w, but also the ground wind reaches a

minimum value, goes through an inversion in a co mplete 360 degrees direction change over a period of ~4

hours and then starts to increase speed at 12 UT or 8:00 local time. T his can also explain the result in [5]

that found a poor correlation between the two -inter fero meters when the wind speed is lo w. In this case the

bad correlation is due to the low turbulence layer during night-time.

T he results indicate that we can use the cross-correlation method to follo w the d ynamics of the turbulence

layer during mo st of the day, and we will be able to determine the minimum detectable height of the

turbulence layer. T hese results will be of high relevance for the characterisation o f the turbulence layer.

Acknowledgements

T he authors ackno wledge the many fr uitful discussions with Yasmin Robson (MRAO). Angel Otárola

(ESO) is vital in keeping the instruments running through all the altiplanic stor ms.

I mportant part of the funding for this project came out o f the b udget of Onsala Space Observator yprovided

bythe Swedish Nat u ral Science Co uncil (NFR).

References

[1] A. T ho mpson, J. Moran, and G. Swenson, Interferometry and Systhesis in Radio Astronomy ,

Krieger Publishing Co mpany, 1994.

[2] G. Delgado, A. Otárola, V. Belitsky, D. Urbain, and P. Martin- Co cher, ^T he Deter mination o f

Precipitable Water Vapour at Llano de Ch a jnantor fro mObse r vations o f the 183 GHz Water Vapour Line,~

ALM A Memo Series No. 271, 1999.

[3] G. Delgado, A. Otárola , L-Å. Nyman, R. Booth, V. Belitsky, D. Urbain, R. Hills, Y. Robson, and

P. Martin- Cocher, ^Phase Correction of Inter fero meter Data at Mauna Kea and Chajnantor,~ ALM A Memo

Series No. 332, 2000.

[4] G. Delgado, L-Å. Nyman ,, A. Otárola, , R. Hills, and Y. Robson ^Phase Cross-correlation of a

11.2 GHz Interferometer and 183 GHz Water Line Radio meters at Chajnantor,~ ALM A Memo Series No.

361, 2001.

[5] Y. Robson, R. Hills, J. Richer, G. Delgado, L-Å. Nyman, A. Otárola, and S. Radford, ^Phase

Fluctuatio ns at the ALM A Site and the Height of the T urbulent Layer,~ to be published in the Proceedings

of the I AU-2000 Conference, Marrakech, 2000.

[6] M. Holdaway, S. Radford, F. Owen, and S. Foster, ^Data Processing for Site T esting

Interfero meter s,~ ALM A Memo Series No. 129, 1995.

[7] http://alma.sc.eso.org/

[8] A. Gibbs and A. Harris, ^T he Overlap of the Astrono mical and WVR Beams,~ ALM A Memo

Series No. 330, 2000.

Fig. 1 T ime series o f the PWV for day15/11/99 (centre plot). T he smaller plots represent one-ho ur

details for representative periods of the day.

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

3 .5

0 4 8 12 16 20 24

T ime [h o ur]

0 .4

0 .6

0 .8

1 .0

1 .2

1 .4

16 .0 16 .2 16 .3 16 .5 16 .7 16 .8 17 .0

PWV East [mm]

PW V W est [mm]

T ime [h o u r]

2 .2

2 .4

2 .6

2 .8

3 .0

3 .2

3 .4

22 .0 22 .2 22 .3 22 .5 22 .7 22 .8 23 .0

PWV East [mm]

PW V W est [mm]

T ime [h o u r]

0 . 95

1 . 00

1 . 05

1 . 10

1 . 15

1 . 20

1 . 25

3 .0 3 .2 3 .3 3 .5 3 .7 3 .8 4 .0

PW V East [mm]

PW V W est [mm]

T ime [h o u r]

0. 52

0. 53

0. 54

0. 55

0. 56

0. 57

0. 58

9 .0 9 .2 9 .3 9 .5 9 .7 9 .8 10 .0

PWV East [mm]

PW V W est [mm]

T ime [h o u r]

Fig. 2 Maximum of the cross-correlation for the data block frames dividing the co mplete day15/11/99, sho wing the data corresponding to a data block frame of 300 sec (5 minutes) with a co mparison windo wo f

180 sec (3 minutes) (thin line) and a data block frame of 900 sec (15 minutes) and a co mparison windo wo f

540 sec (9 minutes) (thick line).

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

0 4 8 12 16 20 24

UT T ime [h o u r]

5 -min fra me a n d 3-mi n w in do w

15 -min fra me an d 9 -mi n w in d ow a) b) c) d)

Fig. 3 Examples of so me hourly result of the cross-correlation between the PWV signal of the two WVR at the ends o f a 300-mbaseline for day15/11/99. In each plot the black dots represent the average of the twelve 5-minute measurements d uring the one-hour interval. T he plots correspond to different UT times with a) at 3 UT (23:00 local time), b) 9 UT (05:00 local time), c) 16 UT (12:00 local time), and d) 22 UT

(18:00 local time)

-1 .0

-0 .5

0 .0

0 .5

1 .0

- 60 - 40 - 20 0 20 40 60

300-180(3)

Time la g[se c]

-1 .0

-0 .5

0 .0

0 .5

1 .0

- 60 - 40 - 20 0 20 40 60

300-180(9)

Time la g[se c]

-1 .0

-0 .5

0 .0

0 .5

1 .0

- 60 - 40 - 20 0 20 40 60

300-180 (16)

Time la g[se c]

-1 .0

-0 .5

0 .0

0 .5

1 .0

- 60 - 40 - 20 0 20 40 60

300-180 (22)

Time la g[se c]

Fig. 4 Scatter plot o f all the measured wind speed data points versus the projected ground wind speed along the E-W baseline for day 15/11/99. T he data was clipped to eliminate the points indicating a turbulence speed greater than ± 50 m/s. T he filled dots represent the data measured with a 900 sec frame and the crosses indicate those points measured using a 300 sec frame.

- 40

- 30

- 20

- 10

0

10

20

30

40

-5 0 5 10 15 20

Proje cte d g ro und wi nd spe ed [ m/ s]

Fig. 5 Ground wind speed (thick line) and direction (thin line) during the day15/11/99. T he wind direction is measured in degrees fro mthe North in the positive sense.

Fig. 6 Wind direction as function of the wind speed. A cosine of 1 indicates wind co ming fro mthe West

(predominant wind), a ˘1 cosine indicates wind co ming fro mthe East (rare), while a zero cosine indicates wind perpendicular to the E-W baseline.

0

5

10

15

20

2 0

2 50

3 0

3 50

4 0

4 50

5 0

0 5 10 15 20

T ime [h o u r]

W in d d i re cti o n[d eg re e s]

W i n d sp e ed

-1 .0

-0 .5

0 .0

0 .5

1 .0

0 5 10 15 20

W i n d sp e ed [ m/ s] a) b)

Fig. 7 Co mpar ison between maximum cross-correlation during day15/11/99, using a 900 sec frame, and a) the projected ground wind speed and b) the ground wind direction.

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1 .0

-5

0

5

10

15

20

0 4 8 12 16 20 24

UT T ime [h o u r]

maxi mumcro ss-co rre l at i on co e ffi ci e n t p ro je cte d g ro un d wi n d sp e ed

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1 .0

-1 .0

-0 .5

0 .0

0 .5

1 .0

0 4 8 12 16 20 24

UT T ime [h o u r]

co s(27 0 -g rou n dwi n d d ir ect io n )

maxi mumcro ss-co rre l at i on co e fi ci e n t

Fig. 8 Result of the cross-correlation for the days 6 and 7 November 1999 (light re d line). T he solid dots on the black thick line indicate the radiosonde derived heights for the turbulence layer. T he time scale is in hours, starting at 0 UT of 6/11/99.

a) b)

Fig. 9 T emporal phase structure functio n for different times. a) is representative of the lo w rms phase times (~10 UT ) and b) is representative o f the lar ge r ms p hase times (~18 UT ) for day15/11/99.

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

0

1 00

2 00

3 00

4 00

5 00

6 00

7 00

8 00

0 8 16 24 32 40 48

T ime [h o ur]

1

10

1 10 1 00 1 0 00

Time[se c]

0 .1

1

1 10 1 00 1 0 00

Time[se c]

Fig. 10 Dailyvariation of the a exponent of the temporal phase structure function (thick line) for day

15/11/99 sho wing the areas with well defined layers and the transitio n times. T he rms phase variatio n over the same period is also sho wn (thin line).

Fig. 11 Ground w ind speed projected along the WVRs baseline (thick line) and wind aloft deter mined fro mthe corner time calculatio ns (thin line) for day15/11/99.

0

0 .2

0 .4

0 .6

0 .8

1

0

5

10

15

20

0 4 8 12 16 20 24

T ime [h o u r]

T h intu rb u len ce layer

Th ick tu rb u len ce layer

-5

0

5

10

15

20

25

0 4 8 12 16 20 24

T ime [h o u r]