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ABSTRACT. We present the results of monitoring optical-turbulence profiles at San Petta, Mexico,

during 11 nights in 1997 March and April, and 16 nights in 2000 May. The data were collected using the
generalized scintillation detection and ranging (SCIDAR) technique from Nice University at the 1.5 and 2.1 m
telescopes. A total of 6414 turbulence profiles were measured and statistically analyzed. The principal results
are as follows: the seeing produced by the turbulence in the first 1.2 km at the 1.5 m and 2.1 m telescopes, not

including turbulence inside the domes, have median valu@s68f+ 0'01 Oad+ 0702 , respectively. The
dome seeing at those telescopes have median vali¥64f- 0701 02hd 0702 . The median values of the
seeing produced above 1.2 km and in the whole atmosphe@Zge- 0701 0&hd 0701 . The isoplanatic
angle for full-correction adaptive optics has a median valu#'®7 = 004 . The decorrelation time (defined as

the time lag for which the temporal correlation drops to 50%) of the turbulence strength at altitudes below and
above 16 km above sea level is approximately equal to 2 and 0.5 hr, respectively. The isoplanatic-angle
decorrelation time is estimated to be equal to 2 hr. The turbulence atken remained notably calm during

nine consecutive nights, which is encouraging for adaptive optics observations at the site. The results obtained
here places San Pedro”Kiaamong the best suited sites for installing next-generation optical telescopes.

On-line material: color figure

1. INTRODUCTION next-generation ground-based telescopes are to be installed first

The development of next-generation adaptive optics systemg'€duires reliable studies of th@& profiles at those sites.
for existing or future telescopes requires a precise characteri- 11€Se reasons have motivated two observing campaigns at
zation of on-site atmospheric turbulence. Not only are the see-t1€ Observatorio Astromoico Naglonal de San Pedro Ma
ing statistics needed, but also those of the vertical distribution (OAN-SPM), during which theCy ~ profiles were monitored.
of the refractive-index structure constaB(h) . For example, 11€ campaigns took place in 1997 (March and April) and 2000
the design of multiconjugate adaptive optics (MCAOs: systems (May), for a total of 27 nights. The measurements were per-
that incorporate several deformable mirrors, each conjugated©'med using the generalized SCIDAR (GS) from Nice Uni-
at a different altitude) requires knowledge of the statistical Versity, which was installed on the 1.5 and 2.1 m telescopes
behavior of the optical turbulence in the atmosphere, such as(hereafter SPM1.5 and SPM2.1). The instrument also provided
the altitude of the predominant turbulent layers and their tem- the Vvelocity of the turbulent layers, which were measured si-

: ; :
poral variability. Moreover, the selection of sites where the Multaneously with thecy  profiles. _
Here we present the main results obtained fromGfjén)

measurements performed during these campaigns. A forthcom-
ing article will be devoted to the results concerning the tur-

* On leave at the Instituto de AstronGmiUNAM, México City, México.
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TURBULENCE PROFILE STATISTICS AT SAN PEDRO MRTIR 683

TABLE 1 bands that are parallel to each other, which are produced by
DOUBLE STARS USED FOR THE GENERALIZED SCIDAR video noise on the scintillation images. In such cases, the maps
o Telescope have been passed through a filter that eliminates or attenuates
Name ool Oxos  MP  M?  (arcsec) () the bands. If the noise is still significant after filtering, the maps
Castor .. 234 3153 19 30 2.0 15 are rejected. _From each retained_map,@,ﬁ!e profil_e is retri«_eved
yLeo ....... 1020 1950 23 3.6 45 15 using a maximum-entropy algorithm to invert an integral ill-
¢UMa ...... 1324 5456 22 3.8 14.4 2.1 posed equation. The vertical resolution of e&h profile de-
6Ser........ 1535 1032 42 51 4.0 15 pends on the star separatiprand the zenith angle through
¢CrB ....... 1539 3638 50 59 6.4 15,21
95 Her ...... 1801 2136 48 52 6.3 15,21
2 Visible magnitudes of each star. Units of right ascension are hours AH = — \s‘)\|h sec Q) — hGS| , (1)
and minutes, and units of declination are degrees and arcminutes. 14

® Angular separation.

where\ is the wavelengthh is the altitude above the ground,
bulent-layer velocities. Avila et al. (1998) reported B&(h) and hgg is the virtual distance from the pupil to the detector
results from the 1997 observations alone. Section 2 briefly conjugated plane. The factdx varies from 0.5 to 0.78, de-
presents the measurement techniques and the observation camending on the criterion used to define the width of the the-
paigns. An overview of the monitored turbulence profiles is oretical spatial autocorrelation function of the scintillation pro-
given in 8§ 3, and the statistical analysis of tBg vertical duced by a layer at altitudie (Vernin & Azouit 1983; Avila
distribution is presented in § 4. The temporal behavior of et al. 1998; Prieur et al. 2001). Following Avila et al. (1998),
Ci(h) and that of the isoplanatic angle are studied in 8 5. we adoptedA = 0.5 . In order to haveGf(h)  data set with a
Section 6 gives a summary of the results. Finally, in Appendix regular altitude sampling, all the profiles were resampled to an
A we explain the method used for estimating the uncertainty altitude resolution of 500 m.
of the statistical values given throughout the paper.

2.1. GS Generalities The OAN-SPM, operated by the Instituto de Astrorarof
The method used to monitor the turbulence profiles was thehe Unijversidad Nacional Autmma de Mgico, is situated on
generalized SCIDAR (Rocca et al. 1974; Avila etal. 1997; Fuchs yne Baja California peninsula at @2’ north, 11529 west, and
et al. 1998). Details of the instrumental concept, together with 5t an altitude of 2800 m above sea level. It lies within the
a complete bibliography, can be found on the Web page entitlednrtheastern part of the San Pedrori#tgSPM) National Park,
“Generalized Scidar at UNAM:"Here we give a very succinct 4t the summit of the SPM sierra. Cruz-Golezaet al. (2003)
description of the instrument and data-reduction procedure.  pas collected in one volume all the site characteristics studied
The instrumental concept consists of the measurement of thegg 4y
spatial autocorrelation of double-star scintillation images de- | the 1997 observing campaign, the GS was installed on
tected on a virtual plane a few kilometers below the ground. spp1.5 and SPM2.1 for eight and three nights, respectively
The exposure time of each image is 1 or 2 ms, depending 0n(1997 March 23-30 and April 2022 UT). SPM2.1 is installed
the stars’ magnitudes and the prevailing observing conditions. o, top of a 20 m tall building at the summit of the mountain
The wavelength is centered at Qufn. A 128 x 128 autocor- (2850 m above sea level) in such a way that no obstacles generate
relation map is saved on disk at time intervals that depend ONground turbulence. On the other hand, SPM1.5 is constructed

the number of images used to compute the autocorrelation.cjpser to ground level, on a site situated below the summit. The
During the 1997 campaign, 1000 images were generally used esylts of this campaign were presented by Avila et al. (1998).

while in the 2000 campaign that number was generally setto  The 2000 campaign took place May 7 through 22 UT. A
2000, Which_ gave mean time lags between registrations of 0_-56number of instruments were deployed, but for the purpose of
and 1.32 minutes, respectively. The double stars used as lighthe present article, it suffices to say that the GS was installed
sources in each telescope during the 1997 and 2000 campaignguring 9 and 7 nights (May 7-15 and 16—22 UT) on SPM1.5
are listed in Table 1. The data shown in this table were obtainedgng spm2.1, respectively. Masciadri et al. (2004) and Avila et
from the Washington Double Star Catalog (Mason et al. 2002). 5], (2002) describe the complete set of instruments used in that
Many of the sources are multiple systems, but in each case ouicampaign, which provided the data for the calibration and val-
instrument is only sensitive to the primary and secondary com-jqation of the Meso-NH atmospheric model for the three-di-
ponents. In some cases, the autocorrelation maps show diagonghensional simulation o€2 (Masciadri et al. 2004). Some of
these measurements also led to a study of the contribution of
2 See http://www.astrosmo.unam.mxrAvila/Scidar. the surface layer to the seeing’ (Bhez et al. 2004).
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684 AVILA ET AL.

3. C2(h) DATA OVERVIEW hss = —3000 or —4000 m). The seeing inside the dome is

The number of turbulence profiles measured in the 1997 andcharacterized by turbulence with a mean velogity= 0, so
2000 campaigns are 3398 and 3016, respectively, making athe triplet is placed at the origift AV (whereAV is the velocity
total of 6414 estimations of2(h) . All the profiles refer to resolution of the instrument). The position of the central peak
altitudes above sea level (2%00 m at OAN-SPM). Figure 1 at the origin is a necessary but not sufficient condition to de-
shows theC2 profiles obtained during the 2000 campaign. Thetermine the dome contribution. Because of the relatively low
mean temanraI sampling is 1.32 minutes (see § 2.1). The aimvertical resolution of the GS, some turbulence in the boundary
of that figure is only to give the reader a sense of the evolution 'Y€T, external to the dome and characterized by amean velocity
of the turbulence profiles during each night and from night to Smaller thamV', could be associated with a triplet such as the
night, so only the 2000 profiles are shown. The three upperonejust described. The only case in which we can be reasonably
rows correspond to the data obtained with SPM1.5. The two SUré that the detected triplet is associated with turbulence inside
last rows show data obtained with SPM2.1. The first SPM2.1 the dome is when at least two triplets are detected at the same
night was cloudy. The blank zones correspond to either tech-altitudeh = 0 = AH/2 (whereAH is defined by eq. [1]): one
nical problems, clouds, or source changes. The values forlS characterized by < AV  (which is associated Wl_th dome
altitudes within the observatory and 1 km lower are to be taken fUrbulence), and another one k> AV (corresponding to tur-
as part of the response of the instrument to turbulence at thePulénce outside of the dome). In the case in which only one
observatory level. For altitudes lower than that, @ values [fiPlet at altitudeh = 0 = AH/2 s encountered, the dome see-
are artifacts of the inversion procedure and should be ignoredind detection is labeled “ambiguous™ and is not taken into
(Avila et al. 1997). account. The value oE3AH inside the dome is set equal to

Generally, the most intense turbulence is located at the Ievelo“"‘(:ﬁ(h = Q)AH/(a +b), whereais the amplltudg of the cen-
of the observatory, where contributions from inside and outside (&l peak withh = 0 = AH/2 and/ = 0 + AV bis the sum
of the telescope dome are added. In the statistical analysis pre®f the amplitudes of the central peaks with= 0 + AH/2  and
sented in § 4, dome turbulence is subtracted. The profiles ob-Y >0 + AV (note that sometimes there is only one such triplet),
tained with the SPM2.1 in 2000 show a fairly stable and strong @"d« iS the factor that accounts for the slower temporal de-
layer between 10 and 15 km, corresponding to the tropopausém”elat'on of the turbulence inside the dome than that from
(as deduced from the balloon data). This layer is rarely presentoUtSide. We have estimated experimentally t(i)aat 0.87 .
in the data obtained with the SPML.5 in the same year. Sporadic 1 1€ dome seeing was determined for 84% of the profiles

bursts of turbulence are noticed at altitudes higher than 15 km.Méasured during the 2000 campaign. In the remaining 16% of
the profiles, the determination of the dome seeing was “am-

4. STATISTICS ON THE C2VERTICAL biguous,” so we did not include these data in the dome seeing
DISTRIBUTION database. For the 1997 data, only a few values of the dome
seeing were obtained each night.
Figure 2 represents the cumulative distribution functions of

All the raw C3 profiles, as those shown in Figure 1, include the dome seeing values that were obtained. Table 2 gives the
in the ground-level values both the atmospheric ground layer median values and first and third quartiles. The calculation of
and the turbulence inside the telescope dome. For the characthe uncertainties of these statistical values is explained in Ap-
terization of the site, we needed to remove the dome seeingpendix A. The optical turbulence inside the SPM1.5 is sub-
contribution from the profiles. The method used to estimate the stantially stronger than in SPM2.1. This is most likely a result
domeC? is explained in detail by Avila et al. (2001), and some of the fact that thermal insulation of the telescope dome from
improvements (not implemented here) are suggested by Masthe heated observing room is better in SPM2.1 than in SPM1.5.
ciadri et al. (2004). Here we briefly summarize the method used. In the remainder of this paper, all the statistical results con-

The estimation of the dome seeing is obtained from the cerning the turbulence near the ground are free of dome tur-
analysis of the GS measurements of the cross-correlation ofoulence. In the case of the profiles for which the ddije  was
double-star scintillation maps taken at temporal intervdls . not determined, the median value of the do@fe  for the cor-
The cross-correlation is calculated using the same frames asesponding telescope was subtracted.
those used for the computation of the autocorrelation. The
cross-correlation produced by each turbulent layer consists of
three peaks (the so-called “triplets”). The position of the central
peak with respect to the origin (center of the cross-correlation The median and first and third quartile valuesQgih) ob-
plane) and the knowledge a&ft give us the velocity vector tained with SPM1.5 and SPM2.1 are shown in Figur@s3d
(intensity and direction) of the detected turbulent layer. The 3b, respectively. These profiles were computed using the data
separation of the lateral peaks £ p|h — hgg| ) with respect from both campaigns (i.e., the complete GS data set), with the
to the central one gives us the altitudeof the layer with dome seeing removed. An interesting resulting characteristic
respect to the ground. We defihk= |h — hg| (in our case, is that the turbulence measured at the telescope level is notably

4.1. Dome Seeing

4.2. Median Profiles
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Fic. 1.—Mosaic of all the turbulence profiles measured during the 2000 campaign. Each box corresponds to one night. The date in UT and the telescope use
are indicated in the label above each box. The vertical and horizontal axes represent the altitude above sea level and the universal time $ipektived), re
The C? values are coded in the gray scale shown in the bottom part of the figure. The white line centered at 2.8 km indicates the observatoBeettiide. [
electronic edition of the PASP for a color version of this figure.]
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TABLE 2

1.0 I I I I I I I : I P ’ o i DOME SEEING STATISTICS
S 0.8 B ,/11 ] First Quartile Median Third Quartile
= Tr 7 1 Telescope (arcsec) (arcsec) (arcsec)
-g - S 1 SPM15...... 0.55+ 0.02 0.64+ 0.01 0.76+ 0.03
o 0.6 ; Tel. Median | SPM2.1...... 023+ 001 031+ 002 040+ 0.03
a / SPM2.1  0.31£0.02" |
< L ] ---- SPM1.5 0.640.01" -
g 04r i ] more intense at SPM1.5 than at SPM2.1. We believe that this
E i K 1 is principally due to the fact that SPM1.5 is located at ground
3 0.2+ N . level, while SPM2.1 is installed on top of a 20 m building.
i 1 Moreover, the SPM2.1 building is situated at the observatory
0.0l -7 ‘ ] summit, whereas SPM1.5 is located at a lower altitude. Figure 3
0.0 0.5 1.0 15 shows the median profile calculated from all 6@ profiles

Dome seeing (arcsec)

Fic. 2.—Cumulative distribution of the seeing generated inside the dome
of SPM2.1 éolid line) and SPM1.5 dashed line). Data used are from 1997

measured with the GS at the OAN-SPM (i.e., both campaigns
and both telescopes).

Another difference seen in the median profiles obtained with
SPM1.5 and SPM2.1 (Figsa3nd d) is that the tropopause

and 2000 campaigns. The vertical and horizontal lines indicate the median |ayer which is centered at approximately 12 km. is much stronger

lues. Th | h ith the fi hi il . . . . ..
values ese values, together with the first and third quartiles, are reportedIn Figure % than in Figure a. This is not a consequence of the

individual telescope used. By chance, it happened that while
observing with SPM1.5 during the 2000 campaign, the turbu-

SPM2.1, 1997+2000

in Table 2.
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Fic. 3.—Median éolid line) and first and third quartilesdéshed lines) of the C3(h) values obtained withal the GS at SPM1.5,bf SPM2.1, and € both

telescopes during the 1997 and 2000 campaigns. The horizontal axis repsents
sea level. The horizontal lines indicate the observatory altitude. Dome seeing has been removed.

values in logarithmic scale, and the vertical axis représdatatibeealti
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4.3. Seeing for Different Atmospheric Slabs

From a visual examination of Figure 1, we can determine
five altitude slabs that contain the predominant turbulent layers.
These are (2, 4], (4, 9], (9, 16], (16, 21], and (21, 25] km
above sea level. In each altitude interval of the fotm I, , ]
(where the subscriptsandu stand for lower and upper limits,

1 respectively) and for each profile, we calculate the turbulence
5 factor

N
o

SPM1.5, 1997 ]

N
o

-
&)

-
o

7 Jn, = fudh Ci(h), ()

hy

Altitude above sea level (km)

-15 . Lo
10 and the corresponding seeing in arcseconds,

énn, = 1.08x 10°A 75, 3)
FiG. 4 —Similar to Fig. 3, but for the GS profiles obtained at SPM1.5 during

the 2000 campaign. For the turbulence factor corresponding to the ground layer

J, 4, the integral begins at 2 km in order to include the complete
lence at that altitude—and everywhere higher than 8 km—was C3 peak that is due to turbulence ground level (2.8 km). More-
very weak, as seen in Figure 4. During that campaign, betweenover, J, , does not include dome turbulence. The seeing values
the SPM1.5 and SPM2.1 observations, there was one cloudyhave been calculated far= 0.5 um. Figure %@ shows the cu-
night. In contrast to the first nine nights of the campaign (when mulative distribution functions of, , , which were obtained at
the GS was installed on SPM1.5), during the first observable SPM1.5 and SPM2.1 and calculated using the complete data set.
night on SPM2.1, the turbulence in the tropopause was extremelyAs discussed in § 4.2, the turbulence at ground level at SPM1.5
intense. This can be seen in the first cell of the fourth row of is stronger than that at SPM2.1. The cumulative distributions of
Figure 1. It is often believed that turbulence intensity in the the seeing originating in the four slabs of the free atmosphere
tropopause at medium-latitude sites is systematically strong. The(from 4 to 25 km) are represented in Figure Jable 3 gives
median profile in Figure 4 demonstrates that this is not alwaysthe first, second, and third quartile values of the distributions
true. The turbulence above8 km during the first nine nights  shown in Figure 5. The largest median seeing in the free atmo-
of the 2000 campaign remained notably calm. Tokovinin et al. sphere is encountered from 9 to 16 km, where the tropopause
(2003) also noted a 4 day period of calm free-atmosphere tur-layer is located. In addition, the dynamical range of seeing values
bulence above Cerro Tololo, Chile, which is consistent with our in that slab is the largest, as can be noted from the first and third

results. quartiles 012 + 0701 andd43 + 0701 ). Particularly noticea-

1.0~~~ T T T e ] 10[ 7 T e T T T e
§ 0.8 a 5 o8 b ]
5 i 5 [ 1
.'9 L / '9 L ! /l il
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% ’ Altitude slab: (2:4] km % l r, Both telescopes
= i , = K
B 041 , Tel. Median 5 04r Slab Median
=] ’ ——— SPM21  0.44£0.02" = I — (49 0.170.01"
£ I ) ———- SPM15  063:0.01" = A I (9,16] 0.24:0.01"
o 0.2F K - O 0.2f ---- (1621  0.08:001"
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Seeing (arcsec)

Fic. 5.—Cumulative distributions of the seeing generated in different atmosphere slpfa: 4] km for SPM2.1 folid line) and SPM1.5dashed line) without
dome seeing;k) (4, 9] km (solid line), (9, 16] km @otted line), (16, 21] km ¢lashed line), (21, 25] km @lash-dotted ling). Data used are from the 1997 and 2000

campaigns. The horizontal and vertical lines indicate the median values, which are reported in Table 3 together with the first and third quartiles.
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TABLE 3

SEEING STATISTICS FOR DIFFERENT ATMOSPHERE SLABS

Slab First Quartilé Median Third Quartilé

(km) (arcsec) (arcsec) (arcsec)
(2,4 at SPM21................. 0.30+ 0.01 0.44=+ 0.02 0.63+ 0.03
(2,4 atSPM15................. 0.38 0.01 0.63+ 0.01 0.83+ 0.01
(4,9] oo 0.12 0.01 0.17+ 0.01 0.27+ 0.01
(9,16] i 0.12 0.01 0.24=+ 0.01 0.43+ 0.01
(16, 21] oo 0.05 0.01 0.08% 0.01 0.14+ 0.01
(21, 25] oo 0.0+ 0.01 0.02+ 0.01 0.04+ 0.01
Free atmosphere: (4, 25]....... 0.26+ 0.01 0.39%x 0.01 0.59+ 0.01
Whole atmosphere: (2, 25]..... 0.52+ 0.01 0.71+ 0.01 0.99+ 0.02

 First and third quartiles.
 Without dome seeing.
¢ As if measured at the SPM2.1 and without dome seeing (see text).

ble is the fact that the seeing in the tropopause can be very small The cumulative distribution function @, is shown in Fig-
(see § 4.2), as indicated by the left tail of the cumulative dis- ure 7. The first, second, and third quartile values are equal to
tribution function ofe, .. The turbulence at altitudes higher than 1725 + 0!04, 187 = 0704, and 281 = 0704, respectively.

16 km is fairly weak. Finally, Figureseand @& show the cu-

mulative distribution of the seeing produced in the free atmo-

sphereg, ,s , and in the whole atmospherg,s , respectively. 5. TEMPORAL AUTOCORRELATION

The computation of;, s is performed as follows: for each profile  \what are the characteristic temporal scales of the fluctuations
of the complete data set (both campaigns and both telescopeshy gptical turbulence at different altitudes in the atmosphere?
we calculate], ,; and add a random number that follows the This question has been of interest for a long time, particularly
same lognormal distribution as that of the,  values measured recent years, since the development of MCAOs require
at SPM2.1 in 1997 and 2000. Then the corresponding seeingnowledge of the properties of the optical turbulence in a num-
value is calculated using equation (3). This way, we obtain a per of slabs in the atmosphere. Racine (1996) studied the tem-
distribution of e, .5 values as if they were measured using poral relative fluctuations of free-atmosphere seeing above
SPM2.1. The reason for doing so is that the values, gf that pjauna Kea. He computed the seeing values by integrating
we obtain are more representative of the potentialities of the sitey,rhylence profiles measured in 1987 by Vernin's group from
than if we had used the distribution&f,  obtained for SPM1.5. Njice University using the SCIDAR technique. TBR  profiles
The median values of all the cumulative distributions presented gig not include the turbulence from the first kilometer, because

in this section are reported in Table 3. the classical mode of the SCIDAR was employed (as the gen-
i eralized mode did not exist at the time). MumTuion et al.
4.4. Isoplanatic Angle (1997) used differential image motion monitor (DIMM) data

From eachC3 profile of both campaigns, one value of the to study the temporal behavior of the open-air seeing at Roque
isoplanatic anglé, (Fried 1982) has been computed using thede Los Muchachos observatory. Finally, Tokovinin et al. (2003)
expression presented the temporal autocorrelation of the turbulence factor

in three representative slabs of the atmosphere above Cerro

0. =0 31E 4) Tololo Interamerican Observatory using data obtained with the

0 “hy’ recently developed multiaperture scintillation sensor (MASS),

which providesC7 measurements at six altitudes in the atmo-

wherer, is the Fried parameter (Fried 1966), defined as sphere. Details of the methods followed in these investigations
are given in 8§ 5.1.

—3/5 . . —

Also of great importance is the characteristic temporal scale

27\? 2 of the isoplanatic-angle fluctuations. One would expect this

fo = 0'423( )\) j dn Gty ®) parameter to be governed by the temporal evolution of the

C3 in the strongest turbulence layers above the site (apart from
and the ground layer), regardless of its altitude, because the influ-
e ence of theC2(h) term om, (see eg. [6]) is more important
than that ofh. Indeed,C3(h) may vary over at least 2 orders
_ [Jdh h*=Ci(h) 6 of magnitude as a function &f wherea$®® only varies over
| JdhCih) ' () a factor of about 38<[25/2.8F"). Nevertheless, it is interesting
to directly calculate the temporal autocorrelation function of
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Fic. 6.—Cumulative distributions of the seeing generatedajntiie free atmosphere (altitude higher than 4 km) dn)dlife whole atmosphere, without dome
seeing (see text for details). Data used are from both telescopes, both campaigns. The horizontal and vertical lines indicate the medianhvaheespehied
in Table 3 together with the first and third quartiles.

6, in order to verify the reasoning above and obtain a quan- changing from one star to another, the region of the atmosphere
titative result. It is worth mentioning that such a study has that is sensed by the instrument changes significantly, and so
never before been published. C2(h) can also change, as shown by Masciadri et al. (2002).

In this section we investigate the temporal autocorrelation To avoid confusion between a temporal and spatial variation
of the turbulence factorg, ,,,  for the five slabs introduced in of J, , , the sequence () never include data obtained with
§ 4.3, and also present the temporal autocorrelation of thetwo different stars. Moreover, we chose to build sequences

isoplanatic angld, . made of at least 3 hr data sets that contained interruptions not
longer than 30 minutes, in order to obtain temporal autocor-
5.1. Methodology relation values with acceptable signal-to-noise ratios. These
The process of building the appropriate sequences of conditions were not met by th@2 profiles measured in 1997,
J. . (t) values is explained below. so in this study only data from the 2000 campaign were used.
I, NG\ b . . .
Typically, three stars are used as light sources each night in. e built 35 sequences, ,(t) for each of the five altitude
a sequence such that the zenith angle never exeeiHsWhen intervals. The temporal sampling of the turbulence profiles de-

pends on the number of scintillation images recorded for the
computation of each profile, which in turn depends on the

1.0 ' ' ] source magnitude. Consequently, each sequéngé) is re-
c i 1 sampled with a regular time interval é¢f = 1.32 minutes,
o 0.8 . which is the mean temporal sampling of tGg profiles used
E i | in this study. Moreover, while observing a given source, the
‘% 06k Isoplanatic angle ] data acquisition might be interrupted. If the interruption is
5 f Median: 1.8740.04" ] longer tharRét , the temporal gap is then filled with zero values
® L | for J, (), and the data are not considered, as explained below.
= 0.4 7 For each altitude interval, the calculation of the temporal
E autocorrelation, as a function of the temporal &g , is per-
S 02k 4 formed as follows. For each, ,, sequence labelede first
© I ] compute

0.0l R T S

° 2 ‘ ® c@y = el -dheran-l, @

8, (arcsec)
i=1

Fic. 7.—Cumulative distribution of the isoplanatic angle  computed from . L _
each turbulence profile of both campaigns and both telescopes using egs. (4)\,Nhere the product 'S—S_et equal to zero if eitdgt;) = 0 or
(5), and (6). The median value 6f 87+ 0°04 , and the first and third Js(ti + At) = 0. HereJ; is the mean of the nonzero values of

quartiles arel’25 + 0/04 and81 + 0.04 . J(t), andN,, ¢ is the number of computed nonzero products,
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which depends omt and the number of nonzero values of5.2. Results
Ji(t,) in the sequence and is calculated numerically. The au-

. X . ) The temporal autocorrelations for the five atmosphere slabs
tocorrelation for each altitude slab is then given by

were computed using the 2000 campaign data set, as ex-
plained in § 5.1. The turbulence inside the dome was removed.

A(AL) The numbeN,, of products summed to calculatat) ranges
rat) = , where (®) from ~2902 for At = 0 to~870 for At = 3 hr. The results

are shown in Figure 8. For every slab, the autocorrelation

A(AL) = 1 N C.(Ab), 9) shows a steep descenF for short temporal lags<( 0.2 hr),
Ny S, followed by a less rapid decrease for longer lags. It can be
seen that in the first three altitude slabs, the turbulence de-

N, = N, N, .. and (10) correlates more slowly tha_n in the two hig_her slabs. The time
Dot lags for a 50% decorrelation are approximately 2, 2.5, 1.7,

1N 0.7, and 0.2 hr in the altitude ranges (2, 4], (4, 9], (9, 16],

B = ——=C,(0), (11) (16, 21], and (21, 25] km, respectively. The turbulence in the
No>,_, highest slab is so weak (as seen in Fig. 5) Thatt) for that

slab might be strongly affected by the temporally decorrelated
whereN, is the number of sequences for each altitude interval,N0iSe variations. Turbulence in the highest layers evolves
and N, is equal toN,, forAt = O . From the definitions of More rapidly than in the lower layers, but introduces fewer
C.(At) and N,, (egs. [7] and [10]), it can be seen that the distortions in the wave front because they are weaker. In the
normalization factoB only takes into account nonzero values altitude ranges (2, 4] and (9, 16] km, the turbulence is the most

of Jy(t,).
This method is similar to that used by Tokovinin et al. (2003),
except for the fact that these authors calculate

N —
=== ()X + At) — I (12)

i=1

instead ofC,(At) of equation (7). Both equations are mathe-
matically equivalent as long @ is computed with an infinite

number of samples. We found that in our case, equations (7)

and (12) give nonnegligible differences, so we chose to use
equation (7), on which the definition of the autocorrelation
function is based (Natrella 2004). An analogous remark applies
for the method used by Muz-Tutbn et al. (1997). In the case

of Racine (1996), the author calculates the function

f(At) = < > ,

where the notatiofl..) represents an average bvieris func-
tion represents the characteristic fractional changé, of
function of the time lagst , which has a different meaning from
that of the temporal autocorrelation function. As mentioned
above, Racine (1996) performed his study only on the free-
atmosphere seeing. Avila et al. (2003) studfgdt) for the
five altitude slabs considered here, using part ofdfie  profiles
of the 2000 campaign.

The calculation of the autocorrelation &f
T, (At), is performed in the same manner as thalf @t)
just has to replacd, b§, in equation (7) to obt&j(At)
equation (8).

“Js(t + At) - ‘Js(t)‘
R0

(13)

.One

intense, but fortunately the variations are slow. The counter-
balance of these effects is evident in the temporal autocorrelation
of the isoplanatic angle shown in Figure 9. Although the highest
layers contribute the most to the decrease in the isoplanatic angle,
the time lag for a 50% decorrelation 6f(~2 hr) is similar to

that of the turbulence located below 16 km, where the most
intense turbulence is found. This is the expected behavior, as
mentioned in § 5.

Intriguingly, our results show that in the free atmosphere,
theC;? decorrelates more rapidly as the altitude increases, which
seems to contradict the results of Tokovinin et al. (2003). These
authors found that the 50% decorrelation time of@fe  in the
layers situated at 1, 4, and 16 km above Cerro Tololo is equal
to 0.3, 1.6, and 1.9 hr, respectively. It would be interesting to
determine if such a difference is a consequence of the fact that
the measurements were taken at different sites, at different
epochs, or if it depends on the instrument used to measure
C2(h) (Tokovinin et al. 2003 used a MASS).

Mufoz-Tuton et al. (1997) found a characteristic decorre-
lation time of 1.2 hr for the open-air seeing above Observatorio
Roque de los Muchachos, Canary Island, Spain. The value they
report is in agreement with the values obtained here for the
altitude slabs for which the turbulence is most intense (below

as 816 km).

6. SUMMARY AND CONCLUSIONS

Turbulence profiles have been monitored at the OAN-SPM
during 11 nights in 1997 April-May and 16 nights in 2000
May. The GS was installed at the foci of SPM1.5 and SPM2.1.

, which we call Turbulence inside the dome was detected by the instrument,

but for each profile, this contribution has been estimated and

in separated from the turbulence near the ground outside the
dome. The result is a data set consisting of two subsets: tur-
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campaign " gure. from the 2000 campaign. The 50% decorrelation time is about 2 hr.

adaptive-optics observations are, and the easier would be the
bulence profiles free of dome seeing, and dome seeing valuesdevelopment of multiconjugate adaptive optics systems. The
From the statistical analysis of this data set, we draw the fol- rapid evolution of theC3 in the highest layers is, in principle,
lowing conclusions: a negative behavior. However, this is counterbalanced by the

) ;
1. The turbulence inside SPM1.5 is much stronger than that atve_rl_iéogoc'“la\r/:;lﬁfzrzn Itehﬁ:g fﬁf\;ﬁécteristic 50% decorrelation
SPM2.1, with median values 664 + 0’01 ar@31 = 0702 . P : 9 R 0

time of approximately 2 hr, which is similar to that of the

2. The precise location of each telescope influences the tur.'turbulence below 16 km. This is the first time that the iso-

bulence measured near the ground. SPM1.5 is installed basi- ; . . .
. ; . . planatic-angle decorrelation function has been estimated
cally at ground level and is lower than the site summit, while .
experimentally.

SPM2.1 is on top of a 20 m building at the site summit. A
consequence of this is that the median values of the seeingThe C3 profiles are extremely important for choosing a site for
produced in the first 1.2 km ar@/63 + 001 and44 + an extremely large telescope (ELT) or any optical telescope
0702 for SPM1.5 and SPM2.1, respectively. equipped with adaptive optics. The studies performed at the

3. The seeing generated in the free atmosphere (above 1.2 kn©OAN-SPM have revealed that the site has truly excellent tur-
from the site) has a median value @39 + 0'01 . This very bulence conditions. However, longer term monitoring is desir-
low value encourages adaptive optics observations, since theble, in order to confirm our results and identify seasonal be-
lower the turbulence in the higher layers, the broader is the haviors, which is the motivation for developing a GS at UNAM.
corrected field of view.

4. The seeing in the whole atmosphere without the dome We are grateful to the OAN-SPM staff for their valuable
contribution as measured from SPM2.1 has a median value ofsupport. We acknowledge the referee, R. Racine, for his con-
0771+ 0'01 structive and valuable comments. This work was done in the

5. The temporal autocorrelation of the turbulence factors framework of a collaboration between the Instituto de Astron-
J,.n, (see § 4.3) shows th&@] evolves sensibly more slowly omia of the Universidad Nacional Automa de Mgico and
in the layers below 16 km (above sea level) than in the layersthe UMR 6525 Astrophysique, Universitke Nice-Sophia An-
above that altitude. The time lag corresponding to a 50% de-tipolis (France), supported by ECOS-ANUIES grant M97U01.
correlation is approximately equal to 2 and 0.5 hr for turbulence Funding was also provided by grants J32412E from CONACyT,
below and above 16 km, respectively. The longer the 50% IN118199 from DGAPA-UNAM, and the TIM project (lA-
decorrelation time, the higher the potential performances of UNAM).
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APPENDIX A
ON THE DETERMINATION OF UNCERTAINTIES OF STATISTICAL VALUES

The bootstrap method (Efron 1982) was used to estimate the median and first and third quartile values and their respective
uncertainties. The method consists of the following: consider a saftpfeN values, of which the median (first or third quartile)
is to be evaluated. We build 1000 resamdes  of lerigtmandomly choosing values from the original sampland allowing
for repeated values. Thus, some items in the data set are selected two or more times, and others are not selected at all. We th
calculate the median (first or third quartile) value of each ofNHength resampleB, , obtaining a sequefcef 1000 median
(first or third quartile) values. The median of this sequence gives a good estimate of the median (first or third quartile) value of
the original data set. Note that for the first or third quartile determination, the mediansafalculated, and not the first nor third
quartiles.

The confidence interval of the median (first or third quartile) values thus obtained is equal to the difference between the 97.5
and 2.5 percentiles €. We set the uncertainty equal to half of the uncertainty interval, unless the resulting number is smaller
than the typical uncertainty of a single GS seeing measurem&i)(dn which case the uncertainty of the median (first or third
quatrtile) is set to 1.
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