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Abstract. The first measurements of the spatial coherence outer scale at the Observatorio Astronémico Nacional at San
Pedro Martir (OAN-SPM) are reported along with long term seeing measurements. These parameters were measured with
the Generalized Seeing Monitor and with a Differential Image Motion Monitor. An instrumented mast was also used to mea-
sure the structure constant of the refractive index C2 in the first 15 m. Log-normal statistics were found for the seeing and for
the outer scale, with median values of 0.92” and 27.0 m, respectively. The distribution of the outer scale values is similar to that
found in other observatories around the world, suggesting that the presence of trees in the OAN-SPM do not affect the outer
scale values. Correlation studies suggest that large values of the seeing and the outer scale are likely to occur when the wind
blows from the SSW. Further studies are recommended to confirm this tendency.
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1. Introduction

In recent years, observational methods with High Angular
Resolution in optical astronomy have seen a fast improvement
and deployment, mainly of the leading techniques which are
adaptive optics and long baseline interferometry. Both tech-
niques benefit from a better modeling and knowledge of the
optical effects of atmospheric turbulence. Important constraints
on the design of instruments of these kinds are imposed by the
models of optical atmospheric turbulence. These models need
to be fed with on—site measurements in order to be as much re-
alistic as possible. These on—site measurements are more easily
provided with dedicated instruments as those used in this work,
than with common astronomical instruments.

The main purpose here is to report measurements of the
wavefront outer scale Ly, of the isoplanatic angle 6, and a study
of the seeing at the Observatorio Astrondmico Nacional at
San Pedro Martir (OAN-SPM), Baja California, México, held
by the Instituto de Astronomia of the Universidad Nacional
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Auténoma de México (IA-UNAM). The measurements of L
were obtained with the Generalized Seeing Monitor (GSM)
from the “Département d’Astrophysique de I’Université de
Nice Sophia—Antipolis” (DAUNSA). This instrument has
been employed for similar studies at several observatories
around the world: ESO La Silla (Chile), ESO Paranal (Chile),
Oukaimeden (Morocco), Maidanak (Uzbekistan) and Cerro
Pachon (Chile). A Differential Image Motion Monitor (DIMM)
was also used to measure the open—air seeing during different
epochs. We used micro—thermal probes mounted on a dedicated
15-m-high mast to measure the optical turbulence strength in
the first 15 m. These measurements are used here only to be
able to compare seeing measurements performed at different
altitudes: The GSM and the DIMM were installed with a dif-
ference in altitude of 8 m in December 2000, and the DIMM
was installed either at ground level or at 8-m hight in different
epochs (see Sects. 3.3.1 and 3.3.2). A detailed study of the in-
fluence of the ground layer in the seeing at the OAN-SPM will
be presented in a dedicated forthcoming paper. Finally an ul-
trasonic anemometer was used to measure the wind speed at an
altitude of about 12 m.
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The wavefront outer scale has never been measured be-
fore at the OAN-SPM. This parameter plays an important role
for the adaptive optics programs under way at the IA-UNAM,
and for the design of future new technology telescopes at the
site. Moreover, an important question was whether the pres-
ence of trees in the Observatory area has an implication on the
outer scale values. All the measurements reported here took
place at the precise selected site for the telescope in project
Telescopio Infrarrojo-6ptico Mexicano (TIM). In Sect. 2, we
describe the instruments used and the observations. The results
are presented and discussed in Sect. 3.

1.1. The Observatory site

San Pedro Martir (SPM) site of the Mexican Observatorio
Astronémico Nacional is situated on the northern part of the
Baja California peninsula. A complete description of the site
can be found in previous papers (Avila et al. 1998; Tapia
1992; Hiriart et al. 1997; Alvarez 1969; Echevarria et al. 1998;
Michel et al. 2001). Concerning optical turbulence studies,
Avila et al. (1998) monitored the vertical distribution of the
optical turbulence strength C2(z), using the Generalized Scidar
of the DAUNSA, finding that the seeing originated in the first
kilometer, in the free atmosphere, and in the whole atmo-
sphere had median values of 0.56”, 0.45"" and 0.78”, respec-
tively. These values were found when the Generalized Scidar
was installed at the 2.1 m telescope and include dome see-
ing. Echevarria et al. (1998) reported a median open air seeing
of 0.61 arcsec, obtained during an extensive (3-years) seeing
campaign, using non-differential seeing monitors. Masciadri
et al. (2002) presented evidence of a finite horizontal extension
of turbulence layers at the site.

2. Methods of measurements
2.1. Observations

The observations performed with the GSM took place from
2000 December 3rd to 13th. The DIMM was in operation dur-
ing that run, and additional data from 2000 May and October,
and 2001 October are reported here (see Sect. 2.3). The instru-
mented mast delivered reliable data during 2000 May and 2000
December 6th to 9th.

All atmospheric-turbulence parameters given here are cal-
culated for a wavelength of 4 = 0.5 um and for observations at
zenith. The seeing angle e corresponds to the full width at half
maximum of a long-exposure image of a point source in a large
telescope. The wavefront outer scale L corresponds to an av-
erage of the outer scale in the different turbulence layers Ly(h),
weighted by the vertical distribution of the optical-turbulence
strength C2(h) Borgnino (1990). The isoplanatic angle 6 is that
relevant for adaptive optics imaging (Fried 1982).

2.2. The Generalized Seeing Monitor

This instrument was developed at the DAUNSA, France. Since
its early development until its last missions, several articles
provide extensive descriptions of the GSM and the interested

R. Conan et al.: Wavefront outer scale and seeing measurements at San Pedro Martir Observatory

Fig. 1. Layout of the GSM (foreground), of the DIMM tower (left—
background) and the mast (right-background).

readers could refer to these papers. The initial version of GSM
is presented by Martin et al. (1994). Martin et al. (1998b) and
Tokovinin et al. (1998b) present the current version of the in-
strument used for the measurements reported here. A detailed
description and an analysis of the performances of the instru-
ment is given by Ziad et al. (2000). We also refer the interested
reader to the reports on the previous GSM runs (Tokovinin et al.
1998b; Martin et al. 1998b; Ehgamberdiev et al. 2000; Martin
et al. 1998a).

At the OAN-SPM, the GSM modules and their mounts
were installed on top of 3 concrete pillars, the telescopes be-
ing 1.5 m above ground. The layout of all the instruments
is shown in Fig. 2. A wind-protective enclosure consisting of
2-m-high-nets was installed, covering South, East and West
sides around the instrument. The angle of arrival (AA) were
measured for two integration times: Sms and 10ms and ex-
trapolated to an integration time of 0 ms (Ziad et al. 2000). The
AA are recorded during two minutes and processed to provide
the Fried’s parameter ry, the wavefront outer scale £, and the
isoplanatic angle 6. In the rest of the paper, we will convert rg
into the seeing angle € = 0.10 m/ry arcsec at 0.5 um, which is
the full width at half maximum of the point spread function of
a seeing—limited telescope for an infinite outer scale.

2.3. The Differential Image Motion Monitor

A DIMM (Sarazin & Roddier 1990) is a fairly well known in-
strument used to measure the seeing. We give here only a brief
description. A complete presentation can be found in Vernin &
Muiioz-Tuifién (1995). The DIMM used in these observations
was purchased at the company LHESA Electronique and was
originally developed in a collaboration between the DAUNSA
and the Instituto de Astrofisica de Canarias (Spain). It con-
sists of a 20-cm Celestron telescope supported by an equatorial
mount. The entrance pupil of the telescope has a diaphragm
that creates two 6-cm circular sub-pupils separated by 14 cm.
One of the sub-pupils has an optical wedge, so that on the fo-
cal plane two images of the observed point source are formed.
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Fig. 2. Layout of the location of the instruments during the December 2000 campaign.

An intensified CCD records a focal plane frame every 20 ms,
with an exposure time of 10 ms. Using a PC, the photo-center
of each of the two star-images is determined for each frame.
These photo-centers vary randomly as a consequence of atmo-
spheric turbulence. From a set of 400 frames, the variance of
the differential image positions is calculated and related to the
seeing using the standard theory of optical turbulence (Roddier
1981). A seeing value corrected for the airmass factor is deliv-
ered every 30 s with an accuracy better than 0.1 arcsec.

We analyzed DIMM data obtained in different epochs:
7-22 May, 9 and 29 October, 1-14 December 2000 and 6-11
October 2001. During May and October 2000, the DIMM was
installed on a low-altitude platform, that brought the entrance
pupil 2 m above the ground, whereas in the December 2000 and
October 2001 campaigns, the DIMM was installed on a tower,
so that the pupil was 8 m above the ground. Only in December
2000 the other instruments were operating. The position of the
DIMM relative to the other instruments during that campaign
is shown in Fig. 2.

3. Data analysis and discussion
3.1. GSM data summary

The data summary for the GSM run (2000 December) is pre-
sented in Table 1. In the first column, we give the date and the
remaining columns contain the nightly median values of the
main atmospheric parameters measured by GSM, namely see-
ing egsm, outer scale L and isoplanatic angle 6. The bottom
line contains the median values calculated from the whole data
set of the campaign. A graphical representation of the ensemble
of the GSM data is given in Fig. 3.
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Table 1. GSM data summary.
Date E€GSM Ly 6
" In "
03.12 097 30.1 229
06.12 1.00 27.2 1.46
07.12 1.21 492 2.16
08.12 092 19.8 258
10.12 1.19 250 1.62
11.12 2.15 245 099
12.12 235 361 292
13.12 094 150 1.38
Median from
whole dataset 1.15 27.0 2.05

3.2. The wavefront outer scale

The median value of £ measured in the whole observing cam-
paign is equal to 27.0m. The histogram of L, given in Fig. 4,
shows a log—normal statistics.

An example of typical variations of £y during a night is
given in Fig. 5. The median value for this night is 20 m with
a standard deviation of 16 m. At the beginning of the night, a
sudden high £, value has been measured. This kind of large
isolated values have been already noticed in the previous cam-
paigns of the GSM and called “bursts”.

All previous monitoring of Ly, in different astronomical
sites, gave also log—normal distributions for this parameter. The
median values obtained at the different sites are very similar to
each other, ranging from 24 to 31 m and in every case the dis-
persion of log(Ly) is about 0.23.
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Fig. 3. Summary of the GSM data obtained at the OAN-SPM during the 8 nights of the run: the panels on the left show the evolution of the
wavefront outer scale £, seeing € and isoplanatic angle 6, while the panels on the right show the histograms of these parameters.
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Fig. 4. Histogram of £, for the whole GSM run.

3.3. The seeing
3.3.1. Comparison of GSM and DIMM values

Figure 6 shows the seeing measured by the GSM and the
DIMM (egsm and eppviv) during the night from 2000 December
3rd to 4th. A very good agreement can be noticed. However,
this was not observed in all the measurements. An example of
disagreement is shown in Fig. 7. During that night, the micro—
thermal sensors delivered the optical turbulence strength (C2)
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Fig.5. £, values measured by the GSM during the night of 2000
December 8th to 9th.

at altitudes of 2.3, 3, 4, 8.3 and 15 m. Using the C,% values ob-
tained at 2.3, 3, 4 and 8.3 m, we calculated eppvm@2m Which is
the seeing that the DIMM would have measured if it had been
placed at the same altitude as that of GSM, and is given by:

8.3m
& Mo = Gy + 15.864717 fz C% (hydh. (1)

3m
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Fig. 6. Seeing measured by the GSM (full line) and the DIMM (dot-
ted line) during the night of 2000 December 3th to 4th. A very good
agreement is noticed.

The dashed line in Fig. 7 shows epivm@am- A better agreement
is noticed, but a non-negligible difference is still present mostly
during the second half of the night. This difference might be
explained by the fact that the GSM delivers seeing values ex-
trapolated to an integration time of O ms (Sect. 2.2), while the
DIMM give seeing values obtained with a 10ms integration
time. Martin (1987) presented the influence of the integration
time on the measurement of the variance of the differential as
well as non-differential image motion. The theoretical results
can be applied directly to compute the underestimation error
in the DIMM measurements due to a too-long exposure time.
Following the author, to properly correct every seeing value de-
livered by the DIMM, we would need measurements of the tur-
bulence and wind profiles (Cﬁ(h) and v(h)) obtained at the same
time as the seeing data, which unfortunately we do not have.
Nevertheless, we used turbulence and wind profiles measured
at the site with the generalized Scidar of the DAUNSA, in May
2000, to have an estimate of the statistical distribution of the er-
ror due to the exposure time. From every pair of simultaneous
profiles, Cﬁ(h) and v(h), and using Martin’s results, we com-
pute the seeing values that would be obtained by a DIMM with
a 10-ms and 0-ms exposure time, €joms and s, respectively.
The value of €jons depends on the direction of the measured
image motion and on the wind direction, both with respect to
the sub-pupil separation. We decided to consider the worst set
of parameters: that in which €)gp,s is minimum. The attenuation
factor due to the exposure-time is given by f = €joms /€oms-
1021 values of f were computed using Cﬁ(h) and v(h) profiles
measured during 8 nights. The median value obtained for f
is 0.84, its standard deviation is 0.09, and its minimum and
maximum values are 0.54 and 0.99. This range of values of f
are consistent with the ratio eppme2m/€gsm Which can be de-
duced from the dashed and full lines in Fig. 7. These results
support the hypothesis that the difference in the exposure times
employed by the DIMM and the GSM is partly responsible of
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Fig.7. Same as Fig. 6 but for the night of 2000 December 8th to 9th.
The seeing measured by both instruments show a considerable dif-
ference after 6hrs UT. The dashed line represents the seeing that the
DIMM would have measured if it had been placed at the same altitude
as that of the GSM (see text).

the differences in the seeing measurements obtained by those
instruments.

3.3.2. DIMM results

The histogram of the seeing values measured with the DIMM
during the December 2000 campaign shows a bimodal dis-
tribution, with peaks centered at 0.50” and 0.75”, as shown
in Fig. 8. The histogram of the seeing measured with the
GSM confirmed the bimodal distribution. Interestingly, the two
seeing regimes took place during isolated intervals of sev-
eral nights, instead of having occurred during different entire
nights. This fact is noticed in Fig. 9. Such a behavior shows
that the seeing conditions can vary considerably during a sin-
gle night. From plots of the seeing vs. time for each night we
notice that the seeing variation in a single night can be even
much larger (>1") than that shown by the two peaks in the his-
togram of Fig. 8.

We performed a statistical analysis of all seeing measure-
ments obtained during the five observational campaigns carried
out with the DIMM. A total of 18762 measurements where
gathered during 31 nights. As explained in Sect. 2.3, in May
and October 2000, the pupil of the DIMM was 2 m above the
ground, while in December 2000 and October 2001 its altitude
was 8.3 m. In order to analyse the entire DIMM data together as
if the instrument would have always been at an 8.3-m altitude,
we estimated the seeing values that would have been measured
at 8.3 m (epiMMesm), by subtracting the mean turbulence con-

tribution from 2 to 8.3m ((f,-" C%(h)dh)) to the DIMM data

measured at 2 m (eppvm@2am)- The precise formula is:

8.3m
5/3 53 13 )
DiMesn = Givman ~ 15-8647" <f2 CN(h)dh>, ()

m
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Fig. 9. Seeing measured with the DIMM during the December 2000
observing campaign.

where the average, represented by the signs (), is performed
over the measurements obtained with the instrumented mast
during the whole May 2000 campaign. The histogram and the
cumulative distribution of the resulting entire DIMM data set
are shown in Fig. 10. The median value is 0.77”, and the 1st and
3rd quartiles are 0.61” and 0.99”. The histogram of the loga-
rithm of the seeing values is well fitted by a Gaussian, which
shows that the measured seeing follows a log-normal distribu-
tion. The fitted Gaussian is centered at —0.14 log(arcsec) and
has a dispersion of 0.15 log(arcsec).

The seeing values measured by the DIMM are compara-
ble to those found by Avila et al. (1998) using a generalized
Scidar at the 2.1 m telescope, and are somewhat larger than
those found by Echevarria et al. (1998) using non-differential
seeing monitors.

3.4. Correlations with wind data

We investigated the correlation between the wind vector at
ground level and two optical turbulence parameters: seeing and
outer scale. An ultrasonic anemometer was in operation dur-
ing the December 2000 observations. It was installed on top of
the DIMM tower. The anemometer delivered a measurement of
the three-dimensional wind vector every 0.5 s. The wind values
corresponding in time with seeing or outer scale values were
found by linear interpolation of the wind data set.
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Fig. 10. Histogram and cumulative distribution function of the seeing
values obtained with the DIMM during the four campaigns described
in Sect 2.3.

Figure 11 shows the wind direction versus the seeing mea-
sured by the GSM, for the nights of 2000 December 6—13th,
excepting 9th when the GSM gathered no data (see Fig. 3).
Low seeing values (<2”) are spread over the entire range of
the measured wind directions, showing no particular correla-
tion, whereas higher seeing values seem to be associated with
wind directions between 200° and 240° (i.e. wind coming from
the SW). Similarly, in Fig. 12, which shows the wind direc-
tion versus Ly for the same nights as in Fig. 11, only high
outer scale values (=100 m) seem to be correlated with a given
wind direction, namely between 180° and 220° (i.e. wind com-
ing from the SSW). These suggested correlations must not be
taken as a definitive result, because there are too few correlated
data in both cases. However, interestingly, Ly values larger
than 100 m were not detected during an isolated period of time.
They were measured occasionally during the whole observing
campaign of 2000 December, which reinforces the correlation
found. Note, from Fig. 3, that seeing values higher than 2"
come from the nights of December 10—12th, whereas £ values
larger than 100 m come mainly from the night of December 7th,
however these high values of both parameters seem to be corre-
lated with winds blowing from SSW. This means that the wind
direction is not the only parameter that might affect seeing and
Ly values.

3.5. The isoplanatic angle

The median values of the isoplanatic angle for each night are
given in Table 1. The measurements and the histogram are plot-
ted in Fig. 3. The median value is 2.05” with a standard devi-
ation of 0.90”. This median value is slightly larger than those
measured by Avila et al. (1998) in March and April 97 during
Generalized Scidar runs. One can notice the unusual large fluc-
tuations of 8y from 0.5” to more than 4” during a same night.
This occurred in several nights. These large fluctuations of 6
might be due to strong fluctuations of the turbulence in a high-
altitude layer. In the C? profiles that we have measured with a
Generalized Scidar at the site (Avila et al. 1998, 2001), we have
rarely encountered such a situation.
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Fig. 11. Wind direction versus the seeing measured with the GSM.
The data shown corresponds to the entire December 2000 observing
campaign.

4. Conclusion

The measurements of £, with a median value of 27.0m, con-
firm the singular uniformity of the statistical distributions of
Ly found among all the sites visited by the GSM. We found no
evidence of any influence of the trees in the observatory area
on L values. This is a significant result for the choice of astro-
nomical sites.

Preliminary results suggest that large seeing and £ values
are likely to be found when the wind is blowing from SSW.
Further investigations should be performed to confirm this cor-
relation. Unusual large nightly fluctuations of 6, were detected.

For a few nights, a good agreement was found between the
seeing measured by the GSM and by the DIMM. For the rest of
the nights, our results suggest that the difference can be ex-
plained by the altitude difference of the instruments and by
their different integration times. For the first time, the effect
of the integration time over seeing measurements performed
with a DIMM are estimated using real C2 and velocity profiles.
For the sake of comparing the seeing values obtained with ex-
posure times of 0 and 10 ms, using the GSM and the DIMM
respectively, it would have been preferable to calculate the at-
tenuation factor due to the 10-ms exposure time f using C2 and
velocity profiles measured simultaneously to the seeing values,
rather than in a different epoch. However, the set of values of f,
inferred from the available C ,% and v profiles, have sufficient sta-
tistical meaning to lead to the conclusion stated above.

The histogram of DIMM values, measured during the cam-
paign of December 2000, shows a peculiar bi—-modal distribu-
tion centered at 0.5 and 0.75”. This distribution can be as-
sociated to two turbulent regimes able to occur in the same
night. The histogram of the DIMM values, measured during
all the campaigns from May 2000 to October 2001, show the
regular uni—-modal log—normal distribution with a median value
of 0.77".

In Sects. 3.3.1 and 3.3.2 we have considered seeing val-
ues computed in several ways: with integration times of 0 and
10 ms, and with instruments located at altitudes of 2 and 8.3 m.
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The reader might wonder what are the values that should be
retained. It is generally accepted that seeing monitors should
be installed at some altitude above the ground, to avoid tur-
bulence on the ground surface like most telescopes do. The
altitudes of the seeing monitors vary from 5 to 10 m approx-
imately. Since 2000 December, the DIMM of the OAN-SPM
has been installed on an 8-m-high tower. On the other hand, to
avoid filtering effects due to exposure time, the correct proce-
dure for estimating the seeing is to measure it with at least 2
different exposure times and extrapolate the value that would
be obtained with a null exposure time. This is the method em-
ployed by the GSM, but is very rarely employed by other seeing
monitors, like the DIMM of the OAN-SPM, which generally
use a 10-ms exposure time. For these reasons, in order to fairly
compare seeing values from a variety of sites, we suggest the
reader to consider the values reported here obtained with the
DIMM at 8-m-hight above the ground and with a 10-ms expo-
sure time: median value of 0.77”, 1st and 3rd quartiles 0.61”
and 0.99”, keeping in mind that these values should be in-
creased by 16% to take into account the filtering due to the ex-
posure time (because the median attenuation factor is f = 0.84
as presented in Sect. 3.3.1), and obtain more exact values of the
seeing statistics.
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