From the grating scale monitor to the generalized

seeing monitor
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An instrument named the grating scale monitor for measuring the outer scale &, from the angle-of-
arrival (AA) fluctuations of a perturbed wave front was developed a few years ago at Nice University.
The AA is detected with a 5-ms time resolution by modulation of the stellar image in a small telescope
with a grating. One uses the normalized covariance of AA fluctuations to estimate &£,. A new version
of this instrument, the generalized seeing monitor (GSM) is described. It consists of four identical
modules for measuring the AA at four locations on the wave front. A spatiotemporal analysis of these
data leads to the determination of seeing €, outer scale ¥,, and the wave-front speed. In addition,
isoplanatic angle 6 is determined from scintillation, making the characterization of turbulence with the

GSM almost complete.

accuracy. Several site-testing campaigns have been conducted with the GSM:

We describe the instrument and make a detailed analysis of its performance and

at La Silla (Chile),

Oukaimeden (Morocco), Maidanak (Uzbekistan), and Cerro Pachon and Cerro Paranal (Chile). The
main results of these campaigns are presented and discussed. © 2000 Optical Society of America

OCIS codes:

1. Introduction

Advances in understanding the formation of astro-
nomical images through the terrestrial atmosphere
have made important contributions to improving the
resolution of ground-based optical instruments. To
optimize the performance of high-angular-resolution
(HAR) techniques, e.g., those of adaptive optics (AO)
and long-baseline interferometry (LBI), requires good
knowledge of the atmospheric optical parameters
(AOP’s) related to the perturbed wave front.12
Among these parameters are the well-known Fried
diameter r,, which is related to seeing angle ¢, =
0.98\/r,, isoplanatic angle 6,, wave-front outer scale
£, and wave-front coherence time 7.

Many studies show the effect of finite &, on the
HAR techniques, but few measurements of this effect
have been made so far.35 In addition, the value of
this outer scale parameter is controversial because
the available measurements provide values scattered
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from a few meters to kilometers.6 This optical pa-
rameter &, also called the spatial coherence outer
scale of the perturbed wave front, must be differen-
tiated from the local outer scale L (k) that depends on
local conditions and so on altitude 2.7 £ is defined
as the distance at which the phase structure function
saturates. <, can also be interpreted as a combina-
tion of outer scales in different atmospheric layers
weighted with the refractive-index structure con-
stant profile Cp2(h).8° The outer-scale values pro-
vided by the our grating-scale monitor correspond to
the ¥, parameter in the von Karman model of the
phase spectrum [Eq. (14) below]. Thus the ¥, mea-
sured with the grating-scale monitor are model de-
pendent, and the use of another model would change
the outer scale values. The effect of the model on the
¥, estimations is analyzed in Section 4 below.

The initial version of our instrument, the grating
scale monitor, was intended for measurements of
¥,.12 Recently some technical improvements and
theoretical developments were made, and now it is
possible to measure €,, £, 7y, and 0, with the grating
scale monitor; Hence the name of the improved in-
strument is the generalized seeing monitor (GSM).
For the first time to our knowledge, it is now possible
to monitor the temporal evolution of the outer scale.

In Section 2 we describe the instrument and the
data-reduction procedures. Then in Section 3 we
analyze the measurement errors, including the influ-
ence of finite exposure time on the derived AOP.
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The dependence of &, on the turbulence model used
in the data reduction is investigated in Section 4
below. In addition, the methods that we used to
estimate isoplanatic angle and wave-front speed are
described in Sections 5 and 6, respectively. Finally,
in Section 7 we give a summary of the measurement
campaigns made with the GSM at five observatories.

2. Generalized Seeing Monitor Instrument

The GSM instrument consists of four identical mod-
ules, each module measuring the atmospheric angle-
of-arrival (AA) fluctuations at selected positions on
the wave front, as does a Shack—Hartmann sensor.
We first describe the operation of an individual mod-
ule. Then we describe the data-analysis procedure
that we used to derive the atmospheric optical pa-
rameters.

A. Description of a Module

Each GSM module comprises a Maksutov telescope
(D = 100 mm, F = 1 m) with a detector box. All four
modules are pointed to the same star and are con-
trolled by a single PC computer by means of a custom-
made interface board. Modules 1 and 2 are installed
on the same mount and act as a differential image-
motion monitor.!!

CCD detectors offer a standard way to measure the
image position. However, the time needed to read
the detector is still too long for fast and continuous
monitoring of AA fluctuations. This is why we de-
veloped an alternative modulation technique for fast
AA measurements in one direction.

The image of the observed star is formed upon a
Ronchi grating. It is shifted by a galvanometric mir-
ror manipulated by a 200-Hz triangular signal. The
grating is scanned over one grating period (Fig. 1).
The flux transmitted through the grating is detected
by a photomultiplier working in the photon-counting
mode. Four flux measurements per modulation pe-
riod, which correspond to phase shifts 0, /2, m, and
3m/2, are taken. We denote the corresponding num-
bers of detected photons A, B, C, D (Fig. 1). If the
flux modulation is sinusoidal, the phase ® of this
sinusoid can be calculated as!2

1

d="tan! ( 1)

A-C

D-B
2m )

Modulation contrast v is also estimated from the

same A, B, C, and D fluxes as

7 (C-AP+(D-By
YT 9 (A+B+C+D}

(2)

Here we take into account the integration of the sig-
nal during the quarter-period when we accumulate
the ABCD counts, so v is the true contrast (y = 1 for
perfect sinusoidal modulation).

This technique is widely used for interferometric
measurements'? and is sometimes called the ABCD
method (the term phase used here to denote image
position was borrowed from interferometry). In Eq.
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Fig. 1. (b) The signal detected by the GSM photomultiplier cor-

responds to the transmitted flux of the star image during its dis-
placement on a Ronchi grating. (a) The image position is shifted
by means of an oscillating mirror. A-D, photon counts integrated
over 0.5 ms. The ABCD counts for forward and backward scans
are averaged to yield the phase shift of the flux sinusoid that
corresponds to AA fluctuation.

(1) the phase is expressed in units of grating period.
The AA is a« = p ®@, where p is the angular period of
the grating in radians or arcseconds (p ~ 10 arc sec
for the GSM). If image motion exceeds one grating
period, the integer number of periods can be restored
by continuity, provided that the rapid fluctuations
are less than p/2 (in practice this means that seeing
must be better than ~3 arc sec; otherwise phase
jumps of one period may occur in the restored phas-
es). The choice of the grating period is a compromise
between AA measurement accuracy (which improves
with decreasing p) and the necessity to have high-
contrast modulation without phase jumps even for
relatively poor seeing.

Image modulation is provided by a galvanometric
mirror. The formidable problem of achieving fast
and linear response is solved by use of the inertial
properties of the oscillating mirror. Modulation is
linear to better than 1% and perfectly synchronous in
all four modules. During the 5-ms modulation pe-
riod the forward and backward scans take 2 ms each,
and the remaining 2 ms X 0.5 ms is the dead time
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Fig. 2. Optical schematic of a GSM module. The telescope is
Maksutov—Cassegrain type with 10-cm diameter: 1, field lens; 2,
collimating lens; 3, cylindrical lens; 4, modulating mirror; 5, focus-
ing lens; 6, Ronchi grating; 7, Fabry lens; 8, photomultiplier.

needed for changing the scan direction. Every 5 ms
we average the ABCD counts for forward and back-
ward scans to compute the phase. Further details
can be found in Ref. 10.

The optical layout of the GSM detector box is
shown in Fig. 2. A 4-mm aperture in the focal plane
of the telescope limits the field to 14 arc min, reducing
the contribution of the sky background. A field lens
(1) in front of the aperture forms the pupil image near
the collimator (2). The parallel beam is deflected by
90° by a modulator mirror (4) and refocused onto the
Ronchi grating (6; 40-pm period). A cylindrical lens
(3) is located near the collimator to elongate the stel-
lar image along grating lines and thus to reduce the
effects of dust particles or grating defects.

In addition to optics, each detector box contains a
photomultiplier (8; Hamamatsu R2949), its high-
voltage supply, a pulse amplifier and modulation to
control circuits. A viewer is used to point and center
the star. Typically, a 2" star gives a count rate of
~6 X 10° counts/s, and the associated shot noise (see
below) is much less than the AA signal.

All four GSM modules receive the same signal,
which controls modulation timing. Detected pho-
tons are counted at 0.5-ms intervals by the interface
board and transferred to PC memory by interrupts.

The software provides all necessary functions for in-
strument testing (e.g., modulation amplitude control
and flux measurements) and data acquisition and
processing. After the accumulation of data (typical-
ly during 120 s), the processing results are shown on
the screen and entered into the database.

B. Data Processing

Data (ABCD counts) are stored on a computer disk as
a sequence of 2-byte integer numbers (16 numbers/5
ms). The parameters of each acquisition and the
results of its processing are kept in a separate file
that serves as a database. Data processing includes
the following steps:

The phases are computed for each channel from Eq.
(1), with restoration of the integer numbers of grating
periods. In the case of a poor signal-to-noise ratio
the phase jumps are successfully removed by a digital
filter.

The parabolic trend is fitted and subtracted, leav-
ing only random phase fluctuations. Thus, the GSM
can compensate for linear drift of the source during
acquisition, which is useful for observations of the
polar star without tracking.

The four variances and six covariances of the AA
fluctuations, which correspond to all possible combi-
nations of the four modules, are computed. The
variances are corrected from the contributions of pho-
ton and scintillation noise, as explained below.

The auxiliary quantities, namely, the mean modu-
lation contrast, the mean flux in each module, and its
dispersion, are computed as well and provide a mea-
sure of the scintillation index.

The last step is the calculation of the AOP of interest,
which proceeds in the following way: Fried param-
eter r, is estimated from the AA differential vari-
ancel11 obtained with modules 1 and 2, which share
a common mount. We remove the contribution from
noise and apply a correction for a finite exposure time
(see below). We also compute the estimates of r
from the AA variances obtained with each module.
When they are corrected from the effects of the outer
scale,-13 these variances usually agree well with the
differential r,, ensuring that the AA measurements
are not seriously affected by telescope vibrations.
We determine Wave-front outer scale £, for each
pair of modules by computing the ratio of AA covari-
ance to differential AA variance obtained with mod-
ules 1 and 2. These normalized covariances I" are
then compared with the grid of theoretical covari-
ances calculated for various baseline coordinates and
values of the &, parameter in the von Karméan mod-
el.1* Theoretical I" are interpolated for the specific
value of the baseline (in fact, first a projection of the
baseline onto the wave-front plane is computed for
the moment of observation from the site and source
coordinates), and the appropriate &, that fits the
measured I" is found. The value of ¥, that is ulti-
mately adopted is taken as the median of the six
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Fig.3. GSM configuration: Modules 1 and 2 are installed on the
same mount and work in a differential mode.

individual values that correspond to the various base-
lines.

The configuration of GSM modules is shown in Fig.
3. The baseline lengths were chosen for optimal
sensitivity of the covariances to the outer scale.
Thus the longitudinal baseline is shorter than the
transversal baseline because I' decreases more rap-
idly in the longitudinal direction than in the trans-
verse one.b

Isoplanatic angle 6, is calculated from the scintil-
lation index from the formulas given in Section 5
below.

The two-dimensional configuration of the GSM per-
mits the effective wave-front speed to be derived from
the temporal cross correlation of AA signals at differ-
ent baselines. Thus the wave-front coherence time
7o can be found. However, this operation is not yet a
part of standard signal processing. Examples of the
spatiotemporal AA analysis and the problems en-
countered in estimating 7, are discussed in Section 6
below.

3. Error Analysis

In this section we estimate the various sources of
error that affect the AOP measurements with the
GSM. Most sources of error affect the AA measure-
ments in each module. Let us denote the measured
AA signal o. It differs from the atmospheric AA
fluctuations «, by the contributions of several noise
sources and can be written as

a=aq, t o, + o+ o+ a,, 3)

where «,, is the photon noise, o, is the scintillation
noise, o, is the modulation noise that arises as a
result ofg the imperfect validity of Eq. (1), and, finally,
«,, 1s the mechanical noise that is due to telescope
motion. After considering all these terms, we take
into account the error that arises from averaging of o,
during the GSM exposure time of 5 ms. Finally, we
estimate the statistical errors of the computed vari-
ances and covariances and provide the expressions
for the errors of the AOP measured with the GSM.

A. Photon Noise

The numbers of photons A, B, C, and D that enter into
Eq. (1) are subject to the statistical fluctuations that
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are due to the Poisson statistics of the photodetection
process. We can safely assume that these fluctua-
tions are uncorrelated. As described in Section 2,
the four fluxes A, B, C, and D recorded per modula-
tion can be written as I, = N[1 + v cos(® + )],
where {; are the A, B, C, and D phase shifts that
correspond, respectively, to 0, w/2, 7, and 3w/2 and N
is the mean count. Assuming that the mean phase
® is equal to zero, we can write the mean recorded
countsasA = N(1 +v),B=N,C=N(1 —v),and D
= N.

Differentiating Eq. (1), we relate the photon-noise
phase dispersion o, (in units of grating period) to the
modulation contrast -y:

) 1
0'p :m. (4)

To check this expression we performed an experiment
in the laboratory that consisted of making measure-
ments without turbulence and using the difference of
AA between two modules. A comparison of the val-
ues of the differential variance o4 = ((; — )
and the sum o, 2+ 0'},22 calculated from Eq. (4)
shows that they are within =5% of each other for
various levels of photon flux N and contrast v.

B. Scintillation Noise

The stellar flux exhibits fluctuations, called scintilla-
tion, that are due to atmospheric turbulence.’> Gen-
erally, the scintillation is characterized by an index
0,2, defined as the ratio of the flux variance to the
square of the mean flux. The scintillation perturbs
the ABCD counts just as well as the photon noise does
and hence is a source of noise in the AA measure-
ments. However, only a specific portion of the scin-
tillation’s temporal spectrum contributes to the noise,
because fluctuations on time scales longer than 5 ms
affect all counts in the same way and do not change
the phase. So there is no unique relation between
the rms scintillation phase noises o, and o;2. The
solution to this problem consists in measuring the
rapid contrast fluctuations, which are also related to
the scintillation noise. As for photon noise, we as-
sume that the scintillation-induced fluctuations of
ABCD are mutually independent and that their rel-
ative rms amplitude is 5 (04%/A% = 65%/B* = 6.2/
C? = 6,2/D?> =38). Then, when we take into account
both scintillation and photon noises, Eq. (4) becomes

9 )
% = (5)

Using Eq. (2) to deduce the expression of the dis-
persion U«/Z of the measured contrast and the A, B, C,
D mean counts as defined in Subsection 3.A [A? =
N2(1 +v)%(1 +3%),B>=N?(1+v)?=D? C?=N?*(1 -
v)%(1 + §)] leads to the following expression for &:

2
g

d=—1——. 6
1+ 0.5v* ©)



Instead of using Eq. (4) we can estimate the photon
noise from the contrast fluctuations by using Egs. (5)
and (6). This technique also works when both noise
sources are present. We have verified in the labo-
ratory (with photon noise only) that, when & was
estimated from the contrast fluctuations by use of Eq.
(6), the product 3N was within 20% of unity.

In data processing the contrast fluctuations are
calculated as one half of the dispersion of the differ-
ence of two consecutive contrast values. We implic-
itly assume that the additional sources of rapid
contrast fluctuations (e.g., small-scale turbulence or
rapid telescope vibrations) are small; if such is not the
case, the photon and scintillation noises are overes-
timated.

C. Mechanical Errors

1. Telescope Guiding Errors

The AA are measured in the declination direction and
hence must not be sensitive to guiding errors. How-
ever, a small slow component was still present in the
signal of some modules; it arose presumably because
of the mechanical coupling of telescope motions in
hour angles and declination owing to the imperfect
worm-gear adjustment. The period of the hour drive
worm is 4 min, and in the 2-min standard acquisi-
tions a low-frequency component appears as a half-
period of a sinusoid. Fortunately, most of that
component is removed when a parabolic trend is sub-
tracted.

2. Telescope High-Frequency Vibrations

Telescope high-frequency vibrations are caused by
the stepping of the hour drive, which produces a fun-
damental frequency of 37.5 Hz. Its higher and lower
harmonics are also seen in the spectrum of the AA
signal. The existence of this vibration was seen dur-
ing the laboratory tests of the mount made with sen-
sitive accelerometric equipment. However, the total
power of the vibrations is negligible compared with
the AA fluctuations. Indeed, when those vibrations
are removed as a result of the processing by signal
filtering the results obtained do not differ by more
than their standard errors.

D. Modulation Noise

Modulation noise, i.e., nonsinusoidal signal, nonlin-
earity of photon counting, errors in modulation am-
plitude, etc., is the difference between the true and
the measured phases that is due to the imperfect
validity of Eq. (1). Those errors were discussed ex-
tensively by Creath.2 During the laboratory study
the positions of the artificial star on the Ronchi grat-
ing were compared with those measured by GSM,
and it was shown that the modulation error does not
exceed 1% of the grating period.l® The correspond-
ing error of the AA variance is not greater than 2%.

E. Statistical Noise

The statistical quantities such as AA variance o>

and covariance C, are calculated from samples of

finite size and hence contain statistical uncertainties.
They cannot be computed simply from the sample
size because at a sampling rate of 5 ms the individual
AA values are not necessarily independent.

1. Statistical Error of r, Estimation

If the AA measurements are accumulated during a
time interval T, the relative error in the differential
variance o34 is given by16.17

2
00 gigr . T

= VZ T (7

2
O qifr

The parameter 7 is an equivalent width of the AA
correlation, defined as

1

T= m J. Cgiff(t)dt, (8)

where Cy;4(¢) is the temporal cross correlation of the
AA difference at two apertures i and j (for r, mea-
surements i = 1 and j = 2):

Cdiff(T) = <[0¢i(t) - Olj(t)] [Oli(t + T) - j(t + T)]>
= 2[C;;(1) — Cy(7)]. 9)

Here C;;(7) is the the AA temporal autocorrelation
function of the pupil i and C;(1) is the temporal cross
correlation of AA at the two apertures i and j; they are
defined as

Cii(7) = (o (D)oy (£ + 7)),

Cij(T) = <ai(t)aj(t + 7). (10)

Using the results of Avila et al., we computed AA
difference cross-correlation time 1 for the von
Karman turbulence model and the Taylor hypothesis
(for a 10-cm circular pupil). The time depends on
outer scale ¥,, on wind velocity v, and on the base-
line. In the case of the La Silla, Chile, GSM cam-
paign (v ~ 10 m/s, parallel to the north—south
direction, ¥, ~ 24 m, and a baseline of 25 cm), T = 24
ms. For a GSM integration time 7' = 120 s, the
relative error in the AA differential variance is hence
equal to 2%, and the statistical relative error of the r,
estimation (8ry/ry = 3/5 8054/ 0 5 is equal to 1.2%.

2. Statistical Error of the £, Estimation

Outer scale ¥, is deduced from the AA normalized
covariance I'.6 We take into account the statistical
errors of both covariance and its normalization factor
and arrive at the following formulalé:

AT’ T T, 1z
I 72_1_* ,
r 7* T

20 October 2000 / Vol. 39, No. 30 / APPLIED OPTICS

(11)

5419



0.012 15

O Vg=6mis
* Vg=94m/s
+ Vg=55mis

Q Vg=6m/s
0.01 * Vg=94m/s
+ Vg=55m/s

0.008

0.006

(arcsecond squared)

Scintillation (%}

0.004

&
s

0.002

o

0 20 40 60 80 100 0 20 40 80 80 100
Exposure time (ms) Exposure time (ms)

Fig. 4. Effect of the finite exposure time (a) on the measured AA
differential variance and (b) on the scintillation index for various
wind speeds Vg at ground level. In each case the wind was par-
allel to the baseline. Data obtained at La Silla Observatory dur-
ing the campaign of August—September 1997 and binned during
processing to increase the exposure time.

where 7 is defined by Eq. (8). Time constant 7, is
related to the temporal cross correlation C,;(¢) of AA
at the two apertures i and j defined in Eq. (10):

1 +o0 o
T = m jm C,t)Cy(—t)dt, i %,

1,j=1,2,3,4. (12)

The time constant T, was evaluated in the case of
the von Karman model and frozen turbulence (Taylor
hypothesis). Indeed, in the study of Avila et al.6 it
was shown that this parameter depends on wind
speed v, outer scale ¥, and the baseline. In the La
Silla campaign, the 1, values are 108—275 ms for the
mean atmospheric conditions (v = 10 m/s and ¥, =
24 m) and a baseline that varies from 25 cm to 1 m.
According to Eq. (11) the statistical error of ¥, de-
pends on I, so one cannot give its general estimation.
Thus, for each particular ¥,, we deduce the corre-
sponding error of I' and consequently of &,

F. Exposure Time

During data processing, one can artificially increase
the exposure time by binning the data. We used this
option to show that temporal averaging for 5 ms has
a negligible effect on the computed AA covariances.
However, it is important for AA variance and differ-
ential variance because their spectra have more
power at high temporal frequencies. If this effect is
not taken into account it introduces an important
systematic bias, increasing the derived ry and &,
In Fig. 4(a) the dependence of the differential AA
variance on exposure time is shown for the three data
sets with different ground wind speeds. Smooth
curves fitted to the zpoints suggest that we can ex-
trapolate variance o“ linearly to zero exposure time:

%0 ms) = 2062 (5 ms) — ¢ (10 ms). (13)

This formula is incorporated into the standard data
processing, thus eliminating the exposure-time bias.

The frequency bandwidth of stellar scintillation is
known to be much higher than that of AA fluctua-
tions. However, the same 5-ms exposure time is
used for both quantities. So, as shown in Fig. 4(b),
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Fig. 5. Effect of the atmospheric turbulence model on ¥, estima-
tion with the GSM. %,yx and $,gr are the outer-scale values
from the von Kdarméan and Greenwood-Tarazano models, respec-
tively. The data were obtained during the campaign of August—
September 1997 at La Silla Observatory.

an even higher correction must be applied to the scin-
tillation index. Thus, to avoid this effect of the ex-
posure time, we correct the GSM-measured
scintillation index in the same manner as for AA
fluctuations [Eq. (13)]. With this correction, the iso-
planatic angle deduced from the scintillation index
(see Section 5 below) is correctly estimated.

Martin® has studied the effect of a finite exposure
time to explain the difference between longitudinal
and transverse seeing measurements obtained with
the differential image motion monitor. We tried to
fit the o%(t) curves with theoretical curves, as sug-
gested by Martin,’® but with only partial success.
The reason is that theoretical curves are computed
for a single turbulent layer from Taylor’s frozen-
turbulence hypothesis, whereas in fact there are usu-
ally several layers with different wind speeds and
directions.

4. Effect of the Atmospheric Turbulence Model
As explained above, the outer scale ¥, is determined
as a parameter of the von Karman turbulence mod-
el'4 that fits the normalized AA covariances. Other
models, 122 such as the Greenwood-Tarazano23
model, have been proposed to describe the deviation
of the turbulence spectrum from the inertial model of
Kolmogorov and Tatarskil® at low frequencies.
Thus the power spectra of the phase shift ¢ intro-
duced by air-index fluctuations that correspond to
these models are expressed as
1 -11/6
) , (14

W, vk(f) = 0.0229 r, % (f2 + 77
0

f -11/6
Wyan(f) = 0.0229 r, *? <f2 + 58) , (15)
0

where fis the spatial frequency. A difference is ex-
pected when ¥, is estimated from both models, espe-
cially for large outer-scale values. This result is due
to a low-frequency extrapolation difference between
the two models. We also reduced the data, using the
Greenwood-Tarazano model. In Fig. 5 we compare
the corresponding outer-scale estimates ¥,yx and
$Logr for two nights. A very good correlation be-
tween these estimates can immediately be seen; a



relation between these two parameters can be repre-
sented by a quadratic formula:

Pogr = —5.544 + 1.588%4yx + 0.0037%Lyy”.  (16)

One can use this formula to transform the GSM
results into the Greenwood-Tarazano model. A
more general correspondence between the outer-scale
parameters of different turbulence models, as well as
the relationship of these wave-front outer scales to
the geophysical turbulence outer scale L, has yet to
be found. However, the &,y values provided by the
GSM can be used to derive the wave-front statistics,
e.g., for optimization of HAR techniques (AO and
LBI).

5. Measurement of the Isoplanatic Angle 6,
The isoplanatic angle 6, for AO is given by2*

0, % = 114.7\ "% cos */3(2) f drCAR)RY2, (A7)

where z is the zenith angle. It was noted in Refs. 24
and 25 that 6, can be derived from the scintillation
index measured with a 10-cm aperture. We review
the associated theory briefly.

The scintillation index ¢,* (lux variance normal-
ized by the square of the mean flux) is related to the
Cn?(h) turbulence profile by

o =9.62\"" J dh Cy*(h)P(h), (18)

where \ is the wavelength, 4 is the altitude, and P(h)
is a weighting function that depends on the pupil
shape. For a circular pupil of diameter D with a
central obscuration ratio e the weighting function is

P(h) = 1 53 J‘x df £~ sin* (m\hf?)

1=e)),
2J,(nDf)  ,(2J,(emDf)\]*

* [ wDf - ( enDf ﬂ , (19)

where f is the spatial frequency and J; is the first-
order Bessel function. It was shown in Ref. 15 that,
for small D, P(h) « h®/6, whereas, for large D, P(h) «
h%. It happens that, for the GSM pupil (D = 10 cm,
e = 0.4), P(h) is rather close to the A%/® exponent
required for measuring 6,,.

Thus we may write P(h) ~ P(ho)(h/hy)®/3. It fol-
lows immediately that

0, °"* = Ko/, (20)
where K is a constant given by
K =11.93 cos *?(2) h"—m. (21)
P(h)

The parameter A, is defined as the altitude that
has the same isoglanatic angle with both Eqgs. (17)
and (20) with Cy“(h) profiles. Indeed, with Hufna-

90 (arcsec)
N
N ] W

-
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Fig. 6. Isoplanatic angle measurements obtained with the GSM
at Maidanak Observatory during the night of 22 July 1998. Mea-
surements of 6, (sp) obtained simultaneously with a scintillometer
are presented for comparison.

gel’s average C,? profile that corresponds to night-
time conditions26 and the GSM weighting function,
the altitude h, obtained is equal to 10 km. This
result was confirmed with Cy? profiles obtained with
the scintillation, detection, and ranging (SCIDAR)
technique on San Pedro Martir Observatory, Mexi-
co.27

The scintillation index is calculated from GSM
data as a normalized dispersion of the sum of ABCD
counts (such that the flux modulation with the Ron-
chi grating is canceled). It is corrected for the finite
exposure time in the same manner as for the AA
variance [Eq. (13)]. Of course, GSM was not origi-
nally designed for scintillation measurements. Dur-
ing the Maidanak campaign the scintillation
measurements were made simultaneously with a
four-channel stellar photometer2® in the B, V, and R
photometric bands with a time resolution of 1 ms.
An aperture was exactly the same as that of GSM,;
stars near zenith were used. One can see from Fig.
6 that there is good agreement between the iso-
planatic angles measured with these two instru-
ments, despite a fairly large correction of GSM data
for zenith angle (the GSM observed the polar star
with z = 52°). Thus the isoplanatic angle measure-
ments with the GSM seem to be well validated.

Figure 7 presents the isoplanatic angle measure-
ments for A = 0.5 pm obtained during the La Silla
campaign. From those measurements one can see
that 6 has log-normal statistics.

6. Spatiotemporal Analysis

The temporal cross correlation of the AA fluctuations
measured with GSM modules i and j separated by a
baseline B is defined as

CyB, 1) = (o;(r, Ho,(r + B, £ + 7)), (22)

wherei,j=1,2,3,4andi #j. Assuming that the
whole atmosphere is a frozen turbulence moving with
a wind speed v (Taylor hypothesis), the temporal
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Fig. 7. Distribution of isoplanatic angle 6, [in arcseconds (as)]
measured with the GSM at La Silla Observatory in August—
September 1997. These data are well fitted with a log-normal
distribution.

cross correlation in Eq. (22) is reduced to a spatial
covariance®:

Cij(B, T) = CU(B - VT). (23)

The shape of the cross correlation is characterized

by a single peak delayed with AT;;, which is equal to

the transport time of the eddies from pupil i to pupil

J. Delay Ar;; is related to the projection of the wind
on the baselines-29:

_ Bjcos(¢; —m)
v ’

AT;;

y

(24)

where B;; is the modulus of the baseline, ¢,; is its
angle relative to the direction of AA measurements,
and v is the modulus of the wind speed and ) is its
direction.

Measurements at two noncollinear baselines (two
different ¢;;) are necessary for determining the coor-
dinates (v, m) of the wind speed vector. The GSM
with six baselines (Fig. 8) offers 11 different At;; mea-
surements (we neglect four baseline pairs, which are
parallel or nearly parallel), which are enough to en-
sure good accuracy of the wind speed determination.
Thus the wave-front lifetimes for adaptive optics and
Michelson interferometry can be deduced.3¢

Now, in the case of an atmosphere stratified in
different turbulent layers, the AA cross correlations
display several peaks. Each peak corresponds to a
turbulent layer; its localization is related to the lay-
er’s wind speed [Eq. (24)], and the height of the peak
is related to the energy in this layer. In the case of
multilayer turbulence we chose the predominant
layer (the highest peak) with which to estimate the
wind-speed vector v(v, 1).
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Fig.8. Examples of temporal cross correlations of AA fluctuations
obtained with six GSM baselines at La Silla Observatory (18 Sep-
tember 1997 at 01:38 UT). The turbulent layer wind-speed vector
was constructed from the peak positions.

7. Results of the Atmospheric Optical Parameter
Measurements with the Generalized Seeing Monitor
and &, Statistics

Summaries of the campaigns made with the GSM are
presented in Table 1. All the atmospheric parame-
ters were calculated for wavelength A = 0.5 pym. We
draw attention to the larger number of measure-
ments made at La Silla and at Cerro Paranal than at
other sites. Also, the mean values of outer scale ¥,
at all sites visited are rather similar for different
dispersions. The distributions of the AOP, ¢,, ¥,
and 6,, are well-fitted by a log-normal law.

The poor seeing (~1.7 arc sec) measured at La Silla
was due to the jet stream conditions that prevailed
during our mission. The reputation of the sites for
good seeing conditions is confirmed, especially for the
Maidanak Observatory (0.69 arc sec). From Table 1
one can observe that the correlation between the
outer scale and seeing is not significant. Some an-
ticorrelation between the mean seeing and the mean
isoplanatic angle (or scintillation) may be noted.
However, during the Maidanak campaign the mea-
surements of free-atmosphere seeing were obtained
by a new scintillation-based technique3! and demon-
strated that the seeing was dominated by the contri-
bution from the boundary layer.

Figure 9 depicts the ¥, measurements obtained
during one night (14 September 1997) at La Silla
Observatory. These measurements are presented
with error bars estimated in two ways: we ob-
tained the first set of error bars (limited by triangles
in Fig. 9) by taking into account all the GSM in-



Table 1. Data Summary of Sites Visited by the GSM*
Number Seeing ¢, Outer Scale Isoplanatic Scintillation
Site Date of Data (arcsec) Lo (m) Angle 6, (as) Index (%)

La Silla (Chile) 08/26/97 1422 1.64 25.5 1.25 4.61

09/20/98 (—0.41, =0.55) (—10.2, +17.0) (—0.34, +0.46) (—1.87, +3.14)
Oukaimeden (Morocco) 04/10/98 643 1.37 34.2 1.58 3.13

04/25/98 (—0.41, +0.58) (—15.6, +28.8) (—0.49, +0.70) (—1.43, +2.65)
Maidanak (Uzbekistan) 07/16/98 846 0.69 27.6 2.47 1.48

07/25/98 (—0.18, +0.24) (—10.7, +17.5) (=0.59, +0.77) (—0.54, +0.84)
Cerro Pachon (Chile) 10/02/98 616 0.89 28.4 2.71 1.27

10/09/98 (=0.27, +0.39) (—13.3, +25.0) (—0.85, +1.23) (—0.59, +1.10)
Cerro Paranal (Chile) 11/27/98 1884 0.91 23.9 1.91 2.29

12/20/98 (—0.28, +0.40) (=11.7, +22.8) (—0.53, +0.73) (—0.96, +1.65)

“Each campaign is characterized by the mean values (deduced from logarithmic means of the AOP log-normal distributions) of the AOP
parameters at A = 0.5 um and at zenith. The values given in parentheses indicate the interval limits, from the mean value, that constitute
68% of each parameter’s nightly values (*1c¢ of the log-normal nightly distributions).
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Fig. 9. Outer-scale measurements obtained with a GSM at La
Silla Observatory during one night (14 September 1997). The
errors in the individual measurements are deduced both from the
six baseline statistical rms dispersion and from the GSM global
(experimental) error.

strumental errors discussed above. We obtained
the second estimate of errors (limited by the bars in
Fig. 9) by computing the o uncertainty from the
scatter of £, at six baselines. One can remark that
the instrumental error bars are larger than the
statistical ones.

For what we believe is the first time, it is now
possible to monitor £, with the GSM, to follow its
temporal evolution and its changes from one obser-
vatory to another. For a duration of one night, ¥,
presents decametric values with a log-normal dis-
tribution32 and some bursts that correspond to a
newly generated turbulence. These bursts were
observed at all sites visited and lasted typically a
few minutes. Similar bursts that lasted a few min-
utes were detected by Avila et al.27 in C»? profiles.

|0 & (arcsec) |

28 29 31 04 05 06 11 12 13 14 15 16 17 18 12 13 14 15
Nights

17 18 19 21 22 16 17 18 18 20 21 22 23 24
Nights

CTx Lm |
) eo(arcsec)

Fig. 10. Outer-scale and seeing measure-
ments obtained with the GSM at several

sites: (a) La Silla, (b) Oukaimeden, (c)
Maidanak, (d) Cerro Pachon, and (e) Cerro
Paranal. Bars indicate intervals that con-
tain 68% of parameter values for each night

27 28 29 30 01 02 03 04 05 06 07 08 141516171819 20
Nights

(*10 of the log-normal nightly distribu-
tions).
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We note that during a typical night the &, temporal
variability is strong, even when bursts are not
taken into account. It has been shown that the
temporal variability of &, is stronger than that of
seeing. This means that for optimization of AO
systems and LBI observations it would be desirable
to monitor the outer scale.

Figure 10 shows the night-by-night evolution of £,
and €, measurements obtained at the various sites
visited by the GSM. Each night is represented by
the mean values of ¥, and €,. The bars indicate
intervals that contain 68% of nightly values (=1o of
the log-normal nightly distributions). One can see
that the AOP’s have less temporal variability than
one-night measurements (Fig. 9).

8. Conclusions

The results presented here show the scope and qual-
ity of atmospheric measurements that can be carried
out with the generalized seeing monitor. Indeed, for
the first time to our knowledge, the wave-front outer
scale ¥, was monitored continuously for several
nights at a number of astronomical sites. The GSM
instrument also provides measurements of seeing ¢,
isoplanatic angle 6, and the wind speed of turbulent
layers (from which the wave-front constant time 1 is
deduced). Thus the GSM instrument is what we
believe to be the first monitor to provide almost com-
plete characterization of astronomical sites for high-
angular-resolution techniques.

A quantification of the various error sources of the
GSM has been made. Thus we know how accurately
the atmospheric optical parameters are measured,
and error bars are provided for all GSM data. In
addition, the effect of the model that describes the
atmospheric turbulence on the wave-front’s outer-
scale &, estimation has been evaluated: The results
obtained with the von Karman and Greenwood-—
Tarazano models are different but are closely related
[Eq. (16)].

The GSM instrument has already produced an im-
portant data bank for the major astronomical sites
throughout the world: La Silla, Cerro Paranal, and
Cerro Pachon (Chile); Oukaimeden (Morocco), and
Maidanak (Uzbekistan). We are now studying all
these data to compare the sites, to analyze the tem-
poral evolution of the AOP’s, and to investigate their
correlations.
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