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Executive Summary

We present the results of an 18-month study to characterize the optical turbulence in the boundary
layer and in the free atmosphere above the summit of Mauna Kea in Hawaii. This survey combined the
SLODAR and LOLAS instruments into a single manually-operated instrument capable of measuring
the integrated seeing and the optical turbulence profile within the first kilometer with spatial and
temporal resolutions of 40-80meters/1 minute (SLODAR) or 10-20 meters/5 minutes (LOLAS). The
campaign began in the fall of 2006 and has operated roughly 50-60 hours per month. The optical
turbulence within the boundary layer is found to be confined within an extremely thin layer (6 80
meters) and the optical turbulence arising within the region from 80 to 650 meters is normally very
weak. Exponential fits to the SLODAR profiles give an upper limit on the exponential scale height of
between 25-40 meters. The thickness of this layer shows a dependence on the turbulence strength near
the ground and under median conditions the scale height is < 28 meters. The LOLAS profiles show a
multiplicity of layers very close to the ground but all within the first 30 meters. The free atmosphere
seeing measured by the SLODAR is 0.42” (median) and is, importantly, significantly better than
the typical delivered image quality at the larger telescopes on the mountain. This suggests that the
current suite of telescopes on Mauna Kea are largely dominated by very local seeing either from internal
seeing, seeing induced by flow in/around the enclosures, or from an atmospheric layer very close to
the ground. The results from our campaign suggest that ground-layer adaptive optics will enable very
large corrected fields of view on Mauna Kea.
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1 INTRODUCTION

Adaptive optics (AO) systems are now common place at large ground-based astronomical observatories and deliver near

diffraction-limited images at near-infrared wavelengths over small fields of view by measuring and correcting for the integrated

optical wavefront in a particular direction through the atmosphere. Recently more advanced concepts in adaptive optics take

the three-dimensional distribution of optical turbulence into consideration in making the wavefront correction. This leads to

larger corrected fields of view. The idea of correcting for just the optical turbulence near the ground (Rigaut 2002, Tokovinin

2004) is referred to as ground-layer adaptive optics (GLAO) and can lead to potentially much larger fields of view but at

reduced levels of correction. GLAO essentially improves the seeing conditions at the site by removing the effects of very local

turbulence. It has the potential to provide corrected fields of view of many arcminutes depending on the distribution of the

optical turbulence at or near the ground.

To complement the development of these advanced techniques we need to understand how optical turbulence arises within

the different regions of the atmosphere. For the purposes of GLAO we at minimum require knowledge of the distribution of

optical turbulence within the first kilometer and the strength of optical turbulence within the free-atmosphere (altitudes

⋆ E-mail:(MC): mchun@ifa.hawaii.edu
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∼ 1km and above the site). Ideally, to support other advanced AO instruments as well as observations with the current suite

of AO systems, knowledge of the altitude of the turbulence within the free atmosphere is also required but possibly at a lower

resolution than needed near the ground.

We report here on an 18-month campaign to characterize the ground layer optical turbulence profile at the summit of

Mauna Kea, Hawaii for the purposes of understanding the potential gains from a GLAO system at the summit. To date,

no one instrument provides all of the desired optical turbulence measurements so in this campaign we concentrated on the

critical dataset: high-resolution profiling of the optical turbulence near the ground with estimates of the integrated free-

atmosphere seeing. For this campaign we deployed two optical methods to measure the distribution of optical turbulence:

SLOpe-Detection And Ranging (SLODAR) and LOw-LAyer Scintillation Detection and Ranging (LOLAS). The experimental

setup and observational requirements for the two techniques are very similar and we were motivated to deploy both for their

complementary data. The SLODAR mode provides an optical turbulence profile (OTP) with an approximately 80-160 meter

altitude resolution within the first 650-1300 meters plus an estimate of the integrated seeing above this altitude every two

minutes while the LOLAS mode provides an OTP with a higher altitude resolution of approximately 15 meters but without

the integrated seeing estimate and at a lower temporal frequency (∼5-10 minutes/profile).

The campaign is a collaboration between the University of Hawaii, the Centre for Advanced Instrumentation at the

University of Durham, UK, and Universidad Nacional Autnoma de México and was contracted by the Gemini Observatory

as input to their Ground-Layer adaptive optics (GLAO) system design study. A previous study1 by Gemini on the potential

of GLAO at the Gemini-South telescope in Chile showed that a Full-Width Half-Maximum (FWHM) resolution as small as

0.25” could be obtained at 1 micron over a 10 arcmin field of view. Tokovinin (2004) calls out a ”gray zone” of turbulence

altitudes that contribute most to the field of view variations of a GLAO system. It is within this ”gray zone” that the optical

turbulence on Mauna Kea is characterized in this study. Following the formulation in Tokovinin (2004) and taking the nominal

expectation values from the Gemini-South study (θ0 = FOV/2 = 5′, β = 0.25′′, and λ = 1µm) we obtain an estimate for the

maximum altitude of the ”gray-zone” of 650 meters. The instrument deployed during this campaign, in its highest resolution

configurations, scans approximately the first 650 meters.

In this paper we use the following terminology. The ground-layer (GL) turbulence is all of the atmospheric optical

turbulence arising within the profiled range which for this study is nominally between the ground and about 650m. The free-

atmosphere (FA) refers to optical turbulence arising from a range beyond the last altitude bin of the profiled turbulence (e.g.

> 650m). The surface layer (SL) refers to the layer of optical turbulence in contact with the ground (namely within the first

resolution element of the profiler). Finally, tube seeing refers to optical turbulence arising from internal sources (telescope and

instrument) and is distinguished by having an altitude of zero and a velocity close to zero. Finally, we note that the SLODAR

and LOLAS turbulence values are normally reported in different units. SLODAR measures the turbulence integrated within

a resolution element (e.g.
R hi+1

hi
C2

n(h)dh) which has units of meters1/3 while LOLAS estimates the turbulence at a particular

height (e.g. C2
n(h)) and has units of meters−2/3. Throughout this paper we report the integrated turbulence strengths. In the

case of LOLAS we assume that C2
n(h) is constant within a resolution bin and integrate over the altitude bin.

1.1 SLODAR technique

SLODAR (Wilson 2002) is an optical triangulation method for measurement of the atmospheric turbulence profile. A telescope

equipped with a Shack-Hartmann wavefront sensor (WFS) observes a double star, so that two sets of WFS spots (1 for each

star) are imaged onto the detector. The turbulence profile is extracted from the spatial cross-covariance of the measured

centroids of the WFS spots, typically averaged for a few tens of seconds of data recorded at a frame rate of ∼ 50 − 200

Hz. The common motion of the spots (the centroid average over all illuminated sub-apertures in the array) is subtracted, to

remove the effects of telescope wind-shake or guiding errors. The temporal evolution of turbulent layers (e.g. translational

velocity and velocity dispersion) can also be studied from the spatio-temporal cross-covariance of the WFS measurements.

Each turbulent layer at a specific altitude produces a peak in the measured cross-covariance of the WFS centroids. To

retrieve the quantitative turbulence profile from the data requires fitting of a theoretical functional form for the tilt cross-

covariance as a function of altitude (Butterley et al. 2006). The theoretical covariance, or ’impulse response’ of the system to

a thin turbulent layer as a function of altitude, can be calculated for any given spatial spectrum of the turbulence. Hence,

for example, the turbulence outer scale or the coefficient of the power law for the spatial turbulence power spectrum can be

included as variables in the fit to the data.

The resolution in altitude for SLODAR turbulence profiling is determined by the angular separation of the target double

star, the effective physical separation of the WFS sub-apertures (when mapped onto the telescope aperture), and by the

zenith distance of the target (see Butterley 2006). For wider binaries, the altitude resolution of the profiler is improved, but

the maximum altitude for direct profiling is proportionately lower.

1 http://www.gemini.edu/files/docman/science/aspen/GLAO feasibility report public.pdf
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For a given target separation, smaller sub-apertures yield higher altitude resolution. However the minimum size of the

sub-apertures is limited by signal to noise constraints (i.e. by the minimum signal required for WFS measurements with faint

targets), and by the effects of scintillation. For a 40cm telescope a sub-aperture diameter of 5cm offers the best altitude

sampling resolution while ensuring that sufficient bright targets are available for continuous observing.

For 5cm sub-apertures and a target with separation 120 arcseconds at the zenith, the resolution elements have an effective

width of 86m, with the lowest bin centered at the telescope, and the highest bin centered at an altitude of 650m. The total

integrated turbulence strength for all altitudes greater than the maximum altitude for direct profiling is given by the difference

of the total measured turbulence strength and the integral of the directly measured profile.

The resolution (effective bin width in altitude) varies with the target elevation angle as cos(el), so that for a 120 arcsec

target at 45 degree zenith angle the width of the bins is reduced to 61m. Hence when tracking a single target over several

hours the altitude resolution changes significantly.

1.2 LOLAS technique

LOLAS concept consists of the implementation of the Generalised Scidar (GS) technique on a small dedicated telescope,

using a very widely separated double star. The GS (Avila et al. 1997; Fuchs et al. 1998) technique consists of computing the

normalised-mean spatial autocorrelation function of short exposure-time images of the scintillation pattern produced by a

double star. The amplitude of this autocorrelation function (normalized by the autocorrelation of the mean image) is related

to the strength of the turbulence. As a matter of notation, the resulting normalised autocorrelation map is dimensionally

equivalent to a scintillation index, which is dimensionless. Hereafter, we will refer to this normalised-mean autocorrelation

simply as the autocorrelation.

In the classical SCIDAR (Rocca et al. 1974; Caccia et al. 1987; Vernin 1992), the analysis is made in the pupil plane of

the telescope, which makes it insensitive to turbulence close to the ground because the scintillation variance is proportional

to h5/6 (Roddier 1981), where h is the altitude of the turbulent layer (acting as a phase screen). In the GS the plane of the

detector is made the conjugate of a virtual plane (analysis plane) located at an altitude hgs of the order of a few kilometers

below the ground, hence hgs < 0. In this case the distance relevant for scintillation produced by a turbulent layer at an

altitude h is |h − hgs |, which makes the turbulence at ground level detectable. Following Avila et al. (1997) and references

therein, the autocorrelation function obtained can be written as

Cgs (r) =

Z +∞

hgs

dh K (r, h − hgs) C2
n (h) + N(r), (1)

where the kernel K (r, h − hgs) is the theoretical autocorrelation function produced by a single layer at an altitude h with a

unit C2
n and N(r) is the measurement noise. When h < 0, C2

n(h)=0. For a double star of angular separation ρ, the Kernel

consists of three autocorrelation peaks: one centered on the autocorrelation origin and the two others separated from the first

one by dr = ρ|h − hgs| and dl = −ρ|h − hgs|. The altitude of the layer is determined from the measurement of dr or dl and

the solution of the corresponding equation.

The altitude resolution is equal to ∆d/ρ, where ∆d is the minimal measurable difference of the position of two autocorre-

lation peaks. The natural value of ∆d is the full width at half maximum L of the aucorrelation peaks: L(h) = 0.78
p

λ(h − hgs)

(Prieur et al. 2001), where λ is the wavelength. However, ∆d can be shorter than L if the inversion of Eq. 1 is performed

using a method that can achieve super-resolution like Maximum Entropy or CLEAN. Both methods have been used in GS

measurements (Prieur et al. 2001). Fried (1995) analyzed the CLEAN algorithm and its implications for super-resolution.

Applying his results for GS leads to an altitude resolution of

∆h =
2

3

L

ρ
= 0.52

p

λ(h − hgs)

ρ
. (2)

The maximum altitude, hmax for which the C2
n value can be retrieved is set by the altitude at which the projections of the

pupil along the direction of each star cease to be overlapped, as no correlated speckles would lie on the scintillation images

coming from each star. Figure 1 illustrates the basic geometrical consideration involved in the determination of hmax . Note

that hmax does not depend on hgs. The maximum altitude is thus given by

hmax =
D

ρ
, (3)

where D is the pupil diameter.

In addition to the autocorrelation of the scintillation images, the GS calculates the mean cross-correlation of images

taken at times separated by a known constant delay ∆t. As explained by Avila et al. (2001); Prieur et al. (2004); Avila et al.

(2006), the cross-correlation can lead to the determination of the velocity of the turbulent layers and the C2
n of the turbulence

generated inside the telescope dome.
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Figure 1. Schematic for the determination of the maximum altitude hmax for which the C2
n value can be retrieved. The altitude of the

analysis plane hgs is represented only to make clear that this value is not involved in the calculation of hmax.

Figure 2. Map showing the location of the test site (UH2.2m Coudé Roof), Gemini, and the CFHT/Gemini weather tower. North is up
and East is to the left on the figure. For scale the distance between the centers of the Gemini and UH2.2m domes is about 80 meters.

Topographic contours are shown every 25 feet (7.6m).

2 EXPERIMENTAL SETUP

2.1 Site and Telescope

The SLODAR and LOLAS were implemented using a common telescope, mount, and camera. The telescope is a 40cm Meade

LX200 on a equatorial pier mounted to the Coudé room roof of the UH2.2m telescope (Figure 2). For the campaign there

were only a few locations possible for siting this instrument and the Coudé roof was the only location off the ground. This

location places the telescope roughly 13 meters above the ground and approximately 7 meters from the southern edge of the

2.2m dome. The telescope enclosure consists of a custom built box made from wood and fiberglass designed to allow free

flow across the instrument in East and West directional winds. A system of fences surround the site for safety and to hold

wind screens which can be erected under higher wind speeds. A separate enclosure located South of the telescope housed a

Personal Computer (PC) with two 3-GHz Xeon processors and 1-GB memory capacity, running a Linux operating system

that controlled the telescope, camera, and mechanisms.

2.2 Detector

The camera is an Andor iXon DV887ECS-BV camera and is used by both modes of the instrument. It uses an Electron

Multiplying Charged Couple Device (EMCCD) with 512×512 16-micron square pixels. The detector has a peak quantum

efficiency of 92 percent at a wavelength of 550nm. The maximum EM gain factor is 1000, so that the signal for each detected

photon is multiplied by a factor of 1000 before readout. This results in an an effective rms read noise of less than 0.1 electron.

Sub-region frame rates of approx. 100Hz are used for data acquisition with exposure times of 2-3 ms.

Mounted to the front of the camera is a manually operated mechanism that switches between the SLODAR and LOLAS

optics. The detector and optics reside on a motorized linear stage to accommodate focusing. The analysis of the SLODAR

and LOLAS data are simplified and accelerated if the orientation of the instrument is adjusted so that the rows of the lenslets

in the Shack-Hartmann array (SLODAR) or the rows of the EMCCD pixels (LOLAS) lie parallel to the position angle of

the double star target on the sky. To achieve this the camera, optical assemblies, and linear stage are mounted on a rotation
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Figure 3. Schematic view of the instrument. The drawing is not on scale.

Figure 4. Example set of average SLODAR spot images. The extent of the image is the full extent of the CCD detector binned 2x2.
The double star used has a separation of approximately 200”.

stage. Figure 3 shows a schematic view of the instrument. During routine operation rotation and focus corrections are applied

automatically by the auto-guiding systems.

2.3 SLODAR

The SLODAR wavefront sensor optics comprise a collimating achromat and the lenslet array, housed in a compact mounting

attached the optics exchange mechanism at the front of the camera. The lenslet array is placed at the image of the telescope

entrance aperture formed by the collimating achromat. Manual adjustments allow for the relative focus of the internal optical

elements and transverse and rotation alignment of the lenslet array relative to the image of the telescope pupil.

For SLODAR, the number of sampling elements in altitude is equal to the number of sub-apertures of the WFS projected

across the telescope aperture. The minimum size of the sub-apertures is limited by signal-to-noise considerations: a minimum

number of photons must be detected per sub-aperture per exposure of the WFS camera in order to allow reliable WFS

measurements. For the 40cm aperture of the telescope, an 8x8 sub-aperture WFS configuration was chosen, providing 8

resolution elements in altitude. For the resulting 5cm sub-apertures, effective WFS measurements are possible for target stars

as faint as magnitude V=7. For this limiting magnitude there are sufficient double star targets available with the required

separation and brightness to permit continuous operation.

An image scale at the WFS detector of 1 arc-second per pixel provides sufficient sampling for accurate centroiding of the

WFS spot images, which have a diffraction limited FHWM of approximately 2 arcsec. For the low-altitude profiling mode,

the optics were configured so that the WFS subaperture images are separated by 7 arcsec at the detector. For typical double

star targets with separations in the range 100–200 arcsec, the patterns of 8 by 8 spots for each star are then fully separated

in the WFS images. The plate scale was calibrated on double stars of known separation during the commissioning phase.

The SLODAR system is controlled by a single Linux workstation. High level Python scripts are implemented for control

of the telescope and camera systems, and to perform real-time data reduction. Parallel threads of execution are implemented

for the WFS image acquisition and for the auto-guider/data reduction processes. Data reduction is carried out continuously

and turbulence profiles are available in real time.

Once a suitable target has been acquired into the field of view of the WFS, auto-guiding and data acquisition proceeds

automatically until a new target is required, i.e. when the current target elevation becomes too low. The data acquisition loop

proceeds as follows:

• A target is acquired into the WFS field of view.

• A packet of (typically 200) frames with individual exposure times of 2-3 msec is acquired by the WFS camera.

• For this data packet, the auto-guider system calculates and applies any corrections required to the telescope pointing (to
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Figure 5. Optical layout. The dimensions unit is millimeters.

Figure 6. Example of a scintillation image acquired with LOLAS. The exposure time was set to 3 ms. The analysis plane is located at
hgs = −2 km. The object is the double star “STF 4” of coordinates α2000 = 01h 56.′2 and δ2000 = +37◦ 15′. The V-magnitudes of the
stars are 5.68, 6.10 and their separation is 199.′′7.

center the target), the instrument rotator (to orientate the double star separation along the axis of the WFS), and instrument

focus (to give the correct separation of spots on the WFS).

• If the WFS image position, rotation, focus and flux level are within required tolerances the data packet is passed to the

data reduction system for analysis, archiving and display. The WFS data packets are integrated for approx. 30 seconds (4000

frames) to provide each turbulence profile measurement.

• The system continuously repeats the above acquisition sequence until the elevation of the target becomes too low, when

a new target must be acquired.

2.4 LOLAS

The LOLAS optics consist of a pair of 50-mm focal-length achromatic lenses that form an image of a virtual plane located

approximately 2 km below the pupil on the detector. Figure 5 represents a scaled optical layout showing the optical beams

of two stars separated by 200′′ as they travel from the telescope focal plane to the detector. The beam sizes correspond to

the telescope-pupil diameter. The diameter of each beam at the detector plane is equal to 1.30 mm. In some GS systems a

field lens is used to shift the image of the analysis plane either further away from the telescope focus or closer to it, whether

the lens is diverging or converging, respectively. The optical setup for LOLAS was designed to avoid the use of a field lens.

Frames are binned 2×2 and the sub-array containing the two extra-pupil images are read out. The size of each binned pixel

on the conjugated plane is 9.8 mm.

The altitude of the analysis plane, hgs was set to -2 km, as a compromise between the increase of scintillation variance,

which is proportional to |h − hgs|5/6, and the reduction of pupil diffraction effects. Indeed, pupil diffraction caused by the

virtual distance between the pupil and the analysis planes makes Eq. 1 only an approximation. The further this plane is from

the pupil plane (e.g. the larger |hgs| is) or the smaller the pupil diameter, the greater the error in applying Eq. 1. We have

performed numerical simulations to estimate this effect. A succinct description of the simulations is presented in Section 3.2.

The pixel size projected on the pupil, dp, is set by the condition that the smallest scintillation speckles be sampled at the

Nyquist spatial frequency or better. The typical size of those speckles is equal to L(0). Taking the same values as above for

hgs and λ, yields L(0) = 2.45 cm. We chose dp = 1 cm, which indeed satisfies the Nyquist criterion dp 6 L(0)/2. The altitude

sampling of the turbulence profiles is δh = dp/ρ. Note, from the two last expressions and Eq. 2, that the altitude resolution

∆h and the altitude sampling δh are related by δh 6 (3/4)∆h for h = 0.

2.5 Operations

The goal of the project was to obtain a set of profiles representative of the ground layer conditions over the course of at least

one year. The system was not designed to be fully autonomous and two of us (Weir and Benigni) spent considerable time at

the summit operating the system at night. This consisted of opening the enclosure at sunset, pointing the telescope to the

first target, then switching between SLODAR and LOLAS modes or pointing the telescope to new targets during the night.

Given the requirements for two bright stars with 1-2 arcminute separations, there are a limited set of targets available and

on any night only a couple targets are typically available. As a result most of the operator’s time is spent assessing data

quality and keeping the telescope aligned. During the first 12 months of the campaign only the SLODAR mode was used.
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Once the LOLAS mode was introduced, the operator switched between the two modes typically spending most of the night

in the LOLAS mode and bracketing LOLAS observations with a series of 20-30 minutes of SLODAR data.

3 DATA PIPELINES AND PRODUCTS

3.1 SLODAR

The method for recovery of the optical turbulence profile from SLODAR data, described in detail in (Butterley et al. 2006),

can be summarized as follows:

• The mean WFS spot positions are located on the image via a simple grid fit to the pixel intensities, yielding the position,

rotation, inter-spot separation and intensity of the WFS pattern. These data are used by the auto-guider system to determine

offsets to the telescope pointing, focus, and rotator setting. The WFS spot positions are used to define sub-windows (typically

6 by 6 pixels) for centroiding of each WFS spot.

• The average WFS image background level is determined and subtracted. Centroids are then calculated for the image

spots corresponding to all illuminated WFS sub-apertures in each frame, relative to the centers of centroiding boxes. The

mean centroid for all illuminated sub-apertures in each frame is subtracted from all centroids, to remove the common motions

due to telescope shake and guiding errors. In strong winds there may be large common motions of the WFS spot patterns

due to telescope shake. The global position of the set of centroiding windows is adjusted to track these motions, so that the

WFS spot images remain within the centroiding boxes. The mean centroids for each sub-aperture, averaged over all frames

for each data set (typically corresponding to 30 seconds) is also subtracted for each frame. Hence any static, (or very slowly

changing) aberrations of the optical system are removed from the analysis.

• A temporal high-pass filter is applied with a characteristic frequency of 1Hz to remove local tube seeing (See section 5.2).

Both filtered and unfiltered profiles are generated. Normally our analysis of the profiles is confined to the filtered (tube seeing

removed) profiles.

• The time-averaged spatial auto-covariance (for each star) and cross-covariance (between the two stars of the double) of

the centroids are calculated. Since the orientation of the double star target is aligned along one axis of the lenslet array, the

covariance functions can conveniently and rapidly be calculated for spatial offsets in one dimension only.

• The turbulence profile C2
n(h), up to the maximum altitude for profiling determined by the system geometry, is recovered

by a least-squares fit of the theoretical covariance functions (SLODAR ’impulse response functions’) to the measured cross-

covariance function.

• The total integrated turbulence strength (for the whole atmosphere) is found via a fit to the auto-covariance function.

The value of the auto-covariance at zero spatial offset (the centroid variance) is biased by shot noise and so is excluded from

the fit. The integrated turbulence strength at all altitudes above the maximum altitude for direct profiling is found as the

difference of the total integrated C2
n and the sum of the turbulence strength in the directly measured profile.

For calculation of turbulent layer velocities, the full two dimensional spatio-temporal cross-covariance function must be

calculated for a number of time offsets. These calculations are therefore more computer intensive and typically are carried

out either off-line (i.e. not in real time) or on a second networked workstation.

Each SLODAR turbulence profile measurement is determined from a sequence of WFS data, of 30 seconds duration, and

includes the following values:

• The integrated turbulence strength for whole atmosphere, in terms of integrated C2
n, Fried’s parameter r0.

• The integrated C2
n in each of the 8 directly sensed altitude bins, with the first bin centered at the telescope level;

• The integrated C2
n for all altitudes above the highest altitude bin for direct sensing, found from the difference of the

profile integrated strength and the whole atmosphere r0.

• Turbulence phase velocities (e.g. ground wind speeds) are extracted from a subset of profiles.

The statistical uncertainty of the turbulence strength measurements for SLODAR is discussed in Butterley et al. (2006),

and decreases as the square root of the number of independent WFS samples contributing to the measurement. The approxi-

mate rms uncertainty on the turbulence strength for each individual sampling bins, in a 30 sec integration is 1 × 10−14m1/3.

This is approximately 5 percent of the mean turbulence strength observed in the first SLODAR altitude bin in this data set.

3.2 LOLAS

The out-of-focus pupil images produced by each star are centered on the detector. To optimize the acquisition and processing

speed, only a sub-frame of 256×80 binned pixels is acquired. An example is shown in Fig. 6. The exposure time of each frame

ranges from 3 to 10 ms, depending on the wind conditions, and is selected by the user. Typically 30000 frames are used to

obtain one set of auto- and cross-correlations. For typical frame rates this takes roughly 5 minutes per data set.
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In windy conditions, telescope shaking can cause image motion which affects the calculation of the mean image. To

avoid this, every image is recentered prior to co-addition of the frames. In addition, telescope tracking errors are corrected by

updating the telescope position every 200 images, using the average image position of the most recently acquired 200-frames

packet. This autoguiding keeps the pupil images on the active sub-array of the detector. It has been seen that the pupil images

slowly change in size. This is due to a slow shift of the telescope focus, presumably caused by the redistribution of the primary

mirror load while tracking the stars. An autofocus system has been developed to overcome this problem. On every average

image calculated with 200 frames, the size of the out-of-focus pupils is monitored and the camera and optics are moved on

the supporting sliding focus stage, until the nominal size of 40 binned pixels is recovered. Similarly, the alignment of the stars

along the pixel lines is measured and corrected automatically by moving the motorised rotatation stage. It has been noticed

that the detector bleeds charges in the y direction, which introduces artifacts in the autocorrelations. To prevent this effect,

we select the nine bottom rows of the useful CCD sub-frame, calculate an average row along the columns and subtract that

average row from every row in the entire sub-frame. Finally, the average flux over the pupil is also monitored in each image

and its variance relative to the mean flux is calculated and stored in the header of the FITS file in which the correlations are

saved. This information is used to qualify the data. Indeed, mean flux variations, due to cloud passages or fog condensation,

are adverse to the retrieval of C2
n profiles from the autocorrelations.

The auto- and cross- correlations are calculated as images are being acquired. When a set of correlations are saved on

disk, an IDL program is automatically executed to invert Eq. 1 and retrieve C2
n(h), using a modified CLEAN algorithm similar

to that developed by Prieur et al. (2001) for GS measurements.

The effect of pupil diffraction has been investigated by numerical simulations of the normalised autocorrelation of scin-

tillation images of a double star, on a 40-cm telescope. There is no analytical investigation of this effect in the literature.

We used the SCIDAR Simulator (Cruz et al. 2003) which is based on the optical turbulence simulator named Turbulenz2.

Plane waves coming from two stars separated by 1 arc-minute were propagated through three turbulent layers located at

altitudes h of 100, 300 and 700 m above the ground. The three layers have equal C2
n corresponding to a Fried parameter of

20 cm. The phase of the waves were distorted by the turbulent layers following a Kolmogorov spectrum. Between the layers

and down to the simulated detection plane, wave propagation is taken into account by calculating Fresnel diffraction of the

complex amplitudes. At ground level, a mask is applied to the complex amplitudes, which simulates an unaberrated pupil

of a 40-cm Meade telescope, including the central obscuration. The intensity of the resulting waves are calculated on the

detection plane, located 2 km below the ground (i.e. hgs = −2 km). The autocorrelation of the intensity map is calculated and

co-added for 1000 statistically independent samples. This co-added autocorrelation is normalized by the autocorrelation of

the mean intensity. The amplitude and shape of the correlation peaks obtained for the corresponding layers are compared to

the theoretical ones that would be obtained with an infinite pupil-size. Those theoretical values are calculated by considering

that the correlation amplitude is proportional to C2
nh5/6 and the width of the correlation peak is proportional to

√
λL. The

amplitude of the simulated correlation peaks are 3.4%, 8.4% and 9.3% smaller than the amplitudes of the theoretical peaks,

for the layers at 100, 300 and 700 m, respectively. The measured autocorrelation peaks are corrected by a factor obtained by

the interpolation of those factors for the altitude of the corresponding layer, before applying the inversion procedure which is

designed for an infinite pupil-size.

Each LOLAS turbulence profile measurement is determined from a sequence of data, of ∼ 5 minutes duration, and

includes the following values:

• The C2
n at 40 altitudes, with the first bin centered below the telescope level;

• Turbulence phase velocities are extracted from a subset of profiles to analyze the layer velocities and to differentiate local

tube seeing from surface layer turbulence.

3.2.1 Calibrations and uncertainties

The distance hgs from the pupil to the analysis plane was calibrated using the following procedure: An autocorrelation was

obtained using a target with a very-well-known separation ρ. We measured on the autocorrelation the separation 2d of the

two lateral peaks arising from turbulence in the telescope tube with an accuracy of one tenth of a pixel. The analysis plane

altitude was obtained by hgs = d/ρ. We chosed as target the double star STF1 (α2000 = 00h46.′4 and δ2000 = +30 deg 57′)

that has a separation of ρ = 47.10 ± 0.044 arcsec. The separation of the lateral autocorrelation peaks was 85.2 ± 0.1 pixels,

which corresponds to 2d = 0.886 ± 0.001 m and d = 0.4430 ± 0.0005 m. We then obtain hgs = 1940 ± 4 m.

The uncertainty of the C2
n values in each profile is obtained by converting to C2

n units the standard deviation of background

autocorrelation values picked from a rectangular box that do not contain autocorrelation peaks. This value corresponds to

the minimun detectable C2
n, thus it determines the detectability threshold. The median value of this threshold for LOLAS is

2 http://www.mpia.de/AO/ATMOSPHERE/TurbuLenZ/tlz.html
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Table 1. Observations

Instrument Dates Number of Nights Number of Profiles < hmax > < dh >

SLODAR 11 Oct 2006 - 01 July 2008 124 27198 470m 67m

LOLAS 19 Oct 2007 - 01 July 2008 38 1104 480m 15m

Figure 7. Cumulative distribution of wind speeds (left) and directions (right) from the CFHT/Gemini weather tower. The two curves
compare the long-term distribution with the years covering the MKGL study. Data shown here include all times between the start and
end of the campaign.

6.13× 10−16 m−2/3. Given the average altitude resolution of LOLAS this corresponds to a value of the integrated turbulence

of ∼ 1 × 10−14m1/3 which is very similar to the SLODAR profiler.

4 OBSERVATIONS

Campaign observations were made on roughly one quarter of the nights over the course of the 18 months (Table 1). SLODAR

was run on 124 nights and on 38 of these nights LOLAS was also run. The average resolutions and maximum altitudes for

SLODAR and for LOLAS are given in Table 1.

In addition, basic meterological data are collected at a number of locations about the summit on a continuous basis. We

have used the wind velocities measured by the CFHT/Gemini weather station for our analysis here. This weather station

consists of an anemometer located at the top of a 12.2 meters (40 feet) tower on the east ridge of the summit between Gemini

and CFHT (Figure 2) and has a data archive covering the campaign and the decade of time prior to it. The anemometer

is a wind vane (Hydrotech WD-3) and a mechanical rotor anemometer (Hydrotech WS-3). Both units are heated to reduce

icing but are nonetheless susceptible to being frozen under severe winter conditions. Indeed data from the anemometer shows

an excess of identically zero-velocity wind conditions presumably when the unit is frozen. To account for this effect, the

frequency of near zero wind speeds is estimated by removing exactly zero wind velocities. Figure 7 shows the distribution of

wind velocities over the course of the campaign and over the previous decade. The wind velocities during the campaign were

not unusual.

5 DATA ANALYSIS

5.1 Cross Comparison

In this section we present a comparison of the SLODAR and LOLAS data. The two instruments can not take data simulta-

neously but they use identical targets so we alternated observing between the two modes. Each block of LOLAS data was

preceded and/or followed by a block of SLODAR data. During the last six months of the campaign this typically consisted of

30 minutes of SLODAR, followed by 1-2 hours of LOLAS, then 30 minutes of SLODAR.

As a cross comparison of the two instruments, we calculated the average integrated turbulence within the first 80 meters
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Figure 8. A comparison of the integrated turbulence near the ground measured by SLODAR and by LOLAS. Each data point represents
the average SLODAR and LOLAS integrated turbulence within the first 80 meters within 45 minutes of an instrument mode change.

The solid line shows a line with unity slope while the dashed line is a linear fit to the data.

Figure 9. A comparison of the integrated turbulence in the full atmosphere by SLODAR and by the DIMM. Each data point represents

the pair of SLODAR and DIMM estimates made within 2 minutes of each other. The DIMM and SLODAR/LOLAS are not measuring
simultaneously and a situated on different locations on the UH2.2m Coudé roof. A linear fit to the data is shown.

in profiles taken within 45 minutes of an instrument change. Each instrument change generated a single pair of average

turbulence values. Note that in this analysis both instrument profiles include tube seeing. Figure 8 shows all such data. The

ratio of the two measurements averages 0.99±0.33 and a linear fit to the data pairs, accounting for noise on both components

of the data set, has a slope of 0.90± 0.15 and an intercept of 1.9e− 14± 8.7e− 14. The SLODAR and LOLAS measurements

are consistent with each other. The excellent agreement between the two instruments also suggests that the average integrated

turbulence strength in the first 80 meters is stable over periods of at least one hour.

For a couple months during the beginning of the campaign we setup a DIMM instrument next to the SLODAR. The

DIMM is based on an early design of the CTIO DIMM3 and was located to the north of the SLODAR/LOLAS instrument

approximately half way between the SLODAR and the UH2.2m dome. The two systems were not synchronized in time but

they were pointed in roughly the same direction of sky during the observations. Figure 9 below shows a plot of the SLODAR

and DIMM integrated r0 measurements over the course of 20 nights. Only data taken within 2 minutes of each other are

considered. These data points are plotted on the figure on the left along with a linear fit to the data. There is a systematic

offset of the DIMM to worse seeing (or the SLODAR to better seeing) under the seeing conditions of these nights. This is

evident in the histogram of the two distributions (right plot). Unfortunately it was not possible to co-locate the DIMM and

SLODAR given the restricted space on the roof. The worse seeing from the DIMM may be in part due to the closer proximity

of the DIMM to the UH2.2m enclosure and the fact that the DIMM may include some tube seeing.

3 http://www.ctio.noao.edu/telescopes/dimm/dimm.html
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Table 2. Simulations: To quantify the effect of filtering the centroid data, we generated a set of SLODAR centroids for a single turbulence

layer moving at a fixed velocity. The centroids were filtered by the filtering function. The fractional change in the variance of the WFS
centroids is listed in this table and is proportional to the fraction of atmospheric turbulence (C2

ndh) removed by the filter.

vwind 0.5 m/s 1.0 m/s 2.0 m/s

σ2
filtered

σ2
unfiltered

0.845 0.897 0.924

5.2 Tube Seeing

The system employs a telescope with a closed optical tube and we find that there can be a significant contribution to the

measured turbulence strength in the lowest altitude bin of the profile from turbulence within this tube. The tube seeing

exhibits a very low characteristic temporal frequency (Figure 10). In addition, until we implemented a flow of glycol through

the camera head, it showed a strong dependence on the elevation angle at the time of the observation.

The SLODAR data pipeline applies a correction for the effects of this ’trapped’ turbulence by applying a high-pass filter

to the centroid data streams (Goodwin et al.). This works because, as illustrated in Figure 10, the characteristic temporal

frequency of the tube seeing is much lower than the atmospheric component. The difference between profiles derived from

filtered and unfiltered SLODAR centroids provides an estimate of the total tube seeing. The total integrated turbulence

strength of this tube seeing is strong and has a median value of 2.90 × 10−13m1/3. It is comparable to the ground-layer and

free-atmosphere.

For atmospheric turbulence, the contribution to the power spectrum of the centroid motions (after subtraction of the

centroid common motion) at frequencies less than 1Hz is small (Table 2) even when the turbulence is characterized by

relatively low wind velocities (see Figure 10). The trapped turbulence is slow moving and has no characteristic wind velocity,

and typically appears at frequencies < 1Hz. Hence in normal circumstances the contribution of the local turbulence can be

removed without risk of significantly biasing the measurement of the true ground-layer turbulence strength. In periods of very

low surface wind velocity (< 2m/s) the measurement of the surface layer turbulence strength is biased by applying the filter.

For example, for a turbulent layer with a translational velocity of only 1m/s, we expect from simulations that the measured

turbulence strengths are reduced by 10 percent (Table 2). Summit wind speeds less than 1m/s occurred roughly 7% of the

time during the study and 4% of the time on the summit overall.

In addition to filtering some of the atmospheric turbulence under low wind speeds, the temporal filter also passes some tube

seeing. An examination of average power spectrums from the campaign suggests that the 1Hz filtering is a good balance between

the filtered atmospheric turbulence and the residual unfiltered tube seeing (Figure 10). We have resisted the temptation to

apply any corrections to the overall statistics of the SLODAR data as the overall effect of the two will tend to cancel each other

and any in situ decision on the optimal filter would require assumptions on the form of the power spectra of each component.

We estimate that for roughly 7% of the data we are underestimating the contribution of the atmospheric turbulence (C2
n(h)dh)

by ∼ 10% for the layers closest to the ground due to the filtering of real atmospheric variations. On the other hand, under

average tube seeing conditions the filter passes a contribution of the tube seeing. To estimate this we fit a gaussian to the

low-frequency end of the log-linear form of the centroid power spectrum (e.g. to the tube seeing). This fit was then filtered by

the SLODAR filtering function. The tube seeing remaining in the centroid data after filtering amounts to an overestimate of

the median surface layer turbulence by 10-15%. It is likely therefore that for most of the SLODAR data we are overestimating

the optical turbulence in the first altitude bin of the SLODAR data by 5-10%.

The LOLAS profiles were corrected only in a statistical sense by calculating the cumulative distribution of measured ’tube

seeing’ from a subset of LOLAS data. Here the temporal cross correlation of the LOLAS images are manually examined for

evidence of a clear zero-altitude and zero-velocity layer. In the cases where this is a clear distinction between the zero-altitude

layers (e.g. zero-velocity and moving layer) we constructed the cumulative distribution of the tube seeing. The median tube

turbulence was found to be 1.21 × 10−14m−2/3or equivalently a seeing of 0.45 arcsecond and is comparable to the median

tube seeing found for the SLODAR data.

Throughout the rest of this paper, unless otherwise noted, we have used the filtered (tube seeing removed) SLODAR

profiles and LOLAS profiles with a median tube seeing removed.

5.3 Free Atmosphere Seeing and Ground Layer Seeing

The SLODAR instrument provides an estimate of the total turbulence strength along the line of sight as well as the profile

within the first few hundred meters. The difference between the integrated seeing and the seeing arising within the profiled

ground layer provides an estimate of the free-atmosphere seeing. As expected the free-atmosphere turbulence is uncorrelated

with the turbulence in the ground layer (Figure 11) suggesting that the two regions are physically distinct. As a result, we

analyze the statistics of the two regions independently.
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Figure 10. Left: Example power spectrums of WFS centroid sequences from on-sky SLODAR data, before (dashed lines) and after
(solid lines) application of the temporal filter. The tube seeing is the distinct ”bump” at low frequencies in the unfiltered PSD. It has a
characteristic temporal frequency of about 0.25Hz. The two cases represent times with very different atmospheric conditions (2007 04 16:

a strong GL and a strong FA, and 2007 04 12: a weak GL and a weak FA). Note that while these two situations give rise to very different
PSD curves at large frequencies, the tube seeing is very similar. Each PSD is an average of about 30 minutes worth of SLODAR data
and a median noise level was calculated and removed from each curve. Right: Power spectrum of WFS centroid sequences from simulated
SLODAR data, assuming a single turbulent layer with a translational velocity of 1m/s and 2m/s. Curves are shown before (dashed) and

after (solid) application of the temporal filter. The measured centroid variance is reduced by 7% for the 2 m/s case.

Figure 11. The SLODAR measured ground-layer turbulence versus the SLODAR estimate of the free-atmosphere turbulence. There is

no correlation between the two quantities.

Table 3 lists the quartile strengths of the integrated boundary layer turbulence (that arising within the profiler range)

and in the free-atmosphere. We can not identify where in altitude the free-atmosphere turbulence arises.

5.4 Ground Layer Strengths and Median GL profile

Most of the campaign data were obtained with the SLODAR instrument. These data provide the longest coverage in time and

a higher frequency of sampling. However, it was clear from the beginning of the campaign that the GL profile is dominated

by the turbulence within the first resolution element of the SLODAR profiler. During the second half of the campaign the

LOLAS instrument provided the altitude resolution to confine this turbulence further and distinguish distinct layers within

the first 80 meters.

To generate a statistical representation of the turbulence strength versus altitude each SLODAR and LOLAS profile

was resampled to 80 and 15 meters respectively using a linear interpolation. From these resampled profiles we generated

the quartile strengths of the turbulence at different altitudes for SLODAR (Table 4) and for LOLAS (Table 5). All of the
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Table 3. Quartile strengths of the optical turbulence at the ground and in the free-atmosphere measured by SLODAR on the Coudé

roof of the UH2.2-m telescope. Tube seeing has been removed.

Altitude Range 25% 50% 75%

(best) (median) (worst)

0-650m 0.40 0.51 0.66
>650m 0.31 0.42 0.56
Total 0.54 0.71 0.93

Figure 12. Cumulative distributions of SLODAR turbulence strengths. The noise floor of the SLODAR detection is 1 × 10−14m1/3so
between 160 and 640 meters the optical turbulence is mostly below the 1σ noise level more than 70% of the time. Even within the second
altitude bin, the median turbulence strength is below the 1σ noise level.

turbulence detected by LOLAS is below 60 meters so we tabulate the values only up to that altitude. Most of the time all of

the significant turbulence is below 30 meters in the LOLAS profiles. The cumulative distributions of SLODAR layer strengths

are shown in Figure 12. Very little optical turbulence appears above the first SLODAR altitude bin. The noise floor of the

SLODAR detection is 1 × 10−14m1/3so between 160 and 640 meters the optical turbulence is below the 1σ noise level more

than 70% of the time. Even within the second altitude bin, the median turbulence strength is below the 1σ noise level (Table

4).

Table 4. SLODAR integrated turbulence strength versus altitude in units of meters1/3

Altitude (meters) 25%-tile 50%-tile 75%-tile 90%-tile

0-80 1.153E-13 1.716E-13 2.565E-13 3.667E-13

80-160 5.200E-16 7.270E-15 2.426E-14 6.631E-14

160-240 -1.300E-16 3.510E-15 1.011E-14 2.475E-14

240-320 -5.200E-16 2.910E-15 9.010E-15 2.210E-14
320-400 -1.480E-15 1.870E-15 6.910E-15 1.820E-14
400-480 -2.110E-15 4.100E-16 4.970E-15 1.290E-14
480-560 -1.700E-15 0.000 1.670E-15 8.090E-15
560-640 0.000 0.000 0.000 3.300E-16

Table 5. LOLAS integrated turbulence strength versus altitude in units of meters1/3

Altitude (meters) 25%-tile 50%-tile 75%-tile 90%-tile

0.00 6.377E-14 1.259E-13 2.250E-13 4.541E-13
15.00 2.621E-14 6.463E-14 1.379E-13 3.048E-13
30.00 1.265E-15 1.719E-14 3.388E-14 9.010E-14
45.00 0.000 7.701E-16 1.653E-14 4.709E-14
60.00 0.000 0.000 0.000 6.471E-15
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(a) SLODAR Median C2
ndh profile in units of m1/3. (b) LOLAS Median Cn(h)dh Profile in units of m1/3.

Figure 13. The median SLODAR and LOLAS turbulence profiles. Note both the SLODAR and LOLAS profiles are integrated turbulence
strengths. The LOLAS profiles were assumed constant over the altitude bins and integrated over the resampled altitude spacing of 15

meters. Also note the change in altitude scale between the two plots. The LOLAS profiles are plotted in what is effectively the first
resolution element of the SLODAR profiles.

(a) 2008 May 05 UT (b) 2008 April 21 UT

Figure 14. C2
n(h)dh(meters1/3) for two nights. Left: 2008 May 5 UT is an example of a typical SLODAR and LOLAS night. The

SLODAR profiles are distinguished by the additional data point along the top row that represents the free-atmosphere turbulence. On

this night the turbulence is confined within the lowest altitudes. Right: 2008 April 21 UT is an atypical night displaying turbulence at
the higher altitudes in the ground layer. This higher altitude turbulence is seen in both SLODAR and LOLAS profiles.

5.5 Morphologies of the Profiles

The GL profiles are dominated by turbulence within the first 80 meters and are strikingly absent of optical turbulence between

80-650 meters in both the SLODAR and LOLAS data sets. There are no cases where the turbulence measured by the LOLAS

profiler above 80 meters is significant and, in fact, three quarters of the LOLAS profiles detect no optical turbulence above

80 meters. This is likely due in part to the fewer number of nights sampled by LOLAS.

To explore the nature and distribution of the lowest layer(s) we classified profiles by their morphology. This was done by

performing a Principle Component Analysis (PCA) from the SLODAR profiles. PCA finds the eigenvectors of the covariance

matrix of a set of data. The specifics of this analysis are described in the literature and we will simply point out that this

method provides a very simple and fast mechanism to classify turbulence profiles and that the eigenvectors found by a PCA

represent the optimal basis set to describe that data.

The first mode of the PCA of the SLODAR profiles describes the layer(s) closest to the ground within the first two

resolution elements of the SLODAR. Each individual SLODAR profile was decomposed onto this single mode and the residual

profile was calculated. The residual of the profile and the fit to the profile of the first eigenmode provides a simple quantitative

way to distinguish profiles with just a ground layer from those either missing a ground layer or having strong turbulence

elsewhere within the first few hundred meters. For the ground-layer at Mauna Kea, this approach isn’t really necessary since
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Figure 15. Distribution of exponential scale heights fit to the average SLODAR profiles. The median scale heights is 27.8 meters. The
layer thickens as the total turbulence increases. The percentile GL strength is shown next to each fit.

the profiles are very consistent and are confined within a single altitude bin. However, the technique can be applied to a more

complex distribution of profile shapes without apriori knowledge of what the distributions are.

The ground-layer only case, defined as times when the residual profile does not contain turbulence above the estimated

SLODAR noise level in any layer above the first two altitude resolution elements, occurs ∼ 60% of the time. When the seeing

in the ground layer is good (median or better), the GL turbulence is confined very close to the ground. When turbulence

appears between 80-650 meters we do not see a preferential altitude for the layers; turbulence in the upper ground layer is

distributed across these altitudes .

Given the very simple and consistent distribution of turbulence, it is tempting to fit the profiles with an exponential form:

C2
n(h)dh = AEXP (−h/hscale) + B

where A, B, and hscale are constants. We used a non-linear least-squares fit routine (MPFIT4) to fit this function to average

profiles constructed from profiles with 10,20,...,90% GL integrated strengths. The profiles were sorted by integrated GL

turbulence strength, then averaged into 9 representative profiles. These nine profiles were then fit with the exponential form

given above. We find that the scale height of the turbulence within the ground layer increases as the integrated turbulence

within the ground layer increases (Figure 15). The median scale height is 27.8 m. Note that simply fitting an exponential to

the statistical layer strengths (e.g. median layer strengths) does not lead to physically realized values of the scale height. For

example, if the strength in the first two layers were anticorrelated, an exponential fit to the profiles based on say the 10% and

90% layer strengths would still show an increase in the scale height. As such, applying this test to the sorted layer strengths

is not physically useful. Here we have sorted the actual profiles by their total integrated GL turbulence, then averaged the

layer values to produce the representative profiles.

5.6 Ground winds

We find a dependence of the ground turbulence and the ground wind speed. This is seen in both the SLODAR (Figure 16)

and in the LOLAS data. For wind speeds greater than about 7 m/s there is a noticable increase in the turbulence strength.

This wind condition is the median wind speed on the summit. We interpret the increase in the ground layer with ground

wind speed and lack of dependence of the free atmosphere seeing on the ground wind speed to mean that the effect is not

instrumental. No strong dependence is observed for either the ground layer or the free-atmosphere on the wind direction

(Figure 17). The slight increase in ground layer turbulence when the winds are from the North/NNE may exist but these are

rare wind directions for the summit. In addition, the 30-meter layer seen in the LOLAS profiles does not show any dependence

on the ground wind speed or direction.

Additionally, we find that the ground turbulence velocity extracted from the SLODAR data set using a cross correlation

between centroids with a known time delay, matches the ground wind speed measured at the CFHT/Gemini weather tower.

A detailed analysis has been done by a student at the University of Durham on a subset of the SLODAR profiles from the

initial six months of the campaign. Figure 18 is taken from this analysis (Figure 4.5 from Thomson 2008) and shows that the

turbulence velocity is well correlated with the ground wind velocities measured by the CFHT tower. From this analysis we

conclude that the velocity of the ground turbulence is dictated by the ground wind speeds.

4 http://cow.physics.wisc.edu/∼craigm/idl/fitqa.html
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Figure 16. Ground (left) and Free-atmosphere (right) turbulence as a function of ground wind speed. The data points represent the
SLODAR measurements taken concurrent with the CFHT/Gemini weather tower measurements. The orange data points represent
average turbulence strengths with bars representing ±1σ variations. The ground layer turbulence strength depends on the ground wind

speed. Note that the lack of a dependence of the free-atmosphere seeing on the ground wind speed suggests that the this is not an
instrumental effect but a real dependence of the turbulence near the ground and the wind speed.

Figure 17. Ground (left) and free-atmosphere (right) turbulence as a function of ground wind direction. The black points represent the
individual data points while the orange represent binned averages. There is a slight increase in the ground layer strength when the winds
are from the North when the instrument is immediately downwind from the UH2.2m enclosure. A wind within 30 degrees of N occurs
less than 5% of the time during the SLODAR observations.

Given the median ground wind speed on the summit ridge of 7 m/s and a median ground-layer strength from the SLODAR

gives a Greenwood time constant (Fried (1995)) of τ0 = 0.314r0/v̄ = 10ms.

5.7 Time of Night

The SLODAR data show a slight dependence on the time of night for the ground layer turbulence. The ground layer is slightly

stronger (∼ 1σ) at the beginning of the night than at the end of the night. This could be a real (for example cooling of the

ground) or simply due to instrumental heating during the initial setup at sunset. The effect appears to last for more than

the first hour of the night which is likely longer than the time for the equipment to cool (but possibly not the building). No

time-of-night dependence is observed for the free-atmosphere seeing.



Mauna Kea ground-layer characterization campaign 17

Figure 18. Comparison of the ground layer speed derived from SLODAR profiles and the wind speed measured at the CFHT weather
tower. The two lines show a y-x line (not a fit) and the χ2 best fit line.

Figure 19. Variations of the integrated turbulence near the ground and in the free atmosphere as a function of local time. The ground
layer is stronger during the first two hours of the night. The bars represent ±1σ variations of the turbulence strengths.

6 DISCUSSION

6.1 Mauna Kea GL profile

We combined the SLODAR and LOLAS profiles into a set of representative profiles for the ground layer turbulence above

Mauna Kea. The SLODAR statistical layer strengths provide the layer strengths above 80 meters. Between the ground and

80 meters, we have taken advantage of the higher altitude resolution of the LOLAS profiler by scaling the LOLAS integrated

strength of LOLAS 25%, 50%, and 75%-tile profiles between 0 and 80 meters to match the integrated strength in the first bin

of the SLODAR 25%, 50%, and 75%-tile profiles. Table 6 lists these profiles. Table 3 gives the integrated strengths as well as

the free-atmosphere seeing

6.2 Biases in the Data

In practice a turbulence profiler’s measure includes locally induced optical turbulence that may not be relevant to what the

larger telescopes on the summit ridge will see. This local turbulence may arise from heat sources within the instrument or

from flow around the local topography. In this section we discuss the systematic uncertainities in the data set and estimate

the completeness of the observing conditions under which the campaign observations were made.

6.2.1 Wind Speed Limits

There is an observational limitation on the instrument due to wind shake of the implemented telescope and mount. Obser-

vations were restricted to wind speeds less than 15 m/s. This is a 85%-tile wind speed. We believe that this restriction is

simply a reflection of the ability of the telescope and mount to operate under these conditions. To estimate the completeness
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Table 6. Combined SLODAR/LOLAS Turbulence Strength versus altitude in units of meters1/3

Altitude (meters) 25%-tile 50%-tile 75%-tile

0.0 8.06E-14 1.04E-13 1.40E-13
15.0 3.31E-14 5.32E-14 8.56E-14
30.0 1.60E-15 1.41E-14 2.10E-14
45.0 0.00 6.34E-16 1.03E-14
80-160 5.20E-16 7.27E-15 2.43E-14
160-240 0.0 3.51E-15 1.01E-14
240-320 0.0 2.91E-15 9.01E-15
320-400 0.0 1.87E-15 6.91E-15
400-480 0.0 4.10E-16 4.97E-15
480-560 0.0 0.0 1.67E-15
560-640 0.0 0.0 0.0

FA 2.46e-13 1.57e-13 9.37e-14

Figure 20. Distribution of ground wind speeds during campaign observations. Left: The distribution of ground wind speeds measured

by the CFHT/Gemini weather station during times when the SLODAR was observing (orange) and during the entire 2006-2008 period
(black). Right: The ratio of the two wind speed distributions is shown. This shows the clear excess of low wind speeds in the campaign
and the incompleteness of the observations at higher wind speeds. The excess low-wind speeds are likely a selection effect due to the
nature of the campaign observation schedule while the incompleteness at higher wind speeds is simply a technical limitation of the

telescope and telescope mount deployed for the study.

as a function of wind speed, we plot in Figure 20 distribution of wind speeds during SLODAR observations and for the entire

duration of the campaign. The fraction of time when we obtained SLODAR observations is under represented for wind speeds

in excess of about 10 m/s (70%-tile wind speeds).

This observational restriction results in an underestimate of the frequency of poor ground level seeing. This effect can be

seen in Figure 16 where we plot the correlation of the ground wind speed and ground turbulence strength. Not surprisingly

as the ground wind speed increases, the turbulence near the ground increases. This effect is not seen for the free seeing so we

believe it is a real physical phenomena rather than an instrumental effect.

6.2.2 Local Seeing

There are at least two components to the local seeing. First as discussed in Section 5.2 the tube seeing is a clear and strong

contribution to the raw profile data. These are handled by high-pass filtering the centroid data (SLODAR) and statistically

for the LOLAS by removing the median tube seeing derived from the cross-correlation analysis. The second more insidious

effect arises due to the local topography of the test site.

For the reasons we stated in section 5.5 we interpret the increase in C2
n(h)dh near the ground with increasing wind

speed and the thickening of the layer profile to be real. The remaining question is whether the origin of the surface layer

turbulence is predominantly due to an atmospheric layer near the ground or due to flow over the local structures at the test
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Figure 21. Simulation of wind flow over UH2.2m enclosure (Vogiatzis 2007). The image shows the standard deviation of the wind speed
as it flows over the enclousre. The initial wind speed is 10 m/s from the east.

location. Simulations of wind flows over Mauna Kea including the UH2.2m enclosure (Vogiatzis (2007)) show an increase in

the mechanical turbulence at wind speeds above about 5 meter/sec. This is in good agreement with the wind speed at which

we see an increase in the turbulence near the ground (Figure 16). The simulations confine the turbulence generated off the

enclosure to within about 15 meters of the Coudé roof (Figure 21). One might also expect that when the winds are from the

North, when the wind flows over the UH2.2m enclosure before reaching the test location, that the locally generated turbulence

will be thicker than from the other directions. There may be a slight directional dependence of the strength of the turbulence

in this data set but there are very few observations when this condition occurs.

It is extremely difficult to quantify these effects. We note that the wind speed dependence of the surface layer turbulence

alone does not point to turbulence induced by local structures. That could be a real physical effect. If wind flow around the

2.2-m telescope enclosure was a strong component of the measured optical turbulence, then we wouldd expect to see some

difference in this component when the winds were from the East/West (flow by the enclosure) and when they are from the

North/South (flow around or into the enclosure). No such dependence is seen in either the SLODAR or LOLAS data.

In terms of application of our results to other telescope facilities around the summit of Mauna Kea, we conclude that any

telescope that does not have an optical resolution close to the free-atmospheric seeing is limited by local effects (e.g. ground-

layer, dome seeing, alignment or static aberrations). Delivered image qualities of telescopes on the summit are commonly in

the range of 0.6 arcseconds and we conclude that most of this degradation arises locally.

6.2.3 Long-term variations

To give an idea of the variation of the turbulence over the course of the campaign we split the campaign data into two halves

and recalculated the strengths of the optical turbulence at the eight altitude bins in the resampled SLODAR data. Between

the two halves, the median layer strengths differ by less than 1.5× 10−14m1/3 (about 10%) for the surface layer (0-80m) and

< 1 × 10−15m1/3 for all other altitudes. This of course does not preclude larger changes in the future but does indicate that

over the course of this campaign, the GL was very consistent in strength and morphology.

6.3 Ground-Layer Adaptive Optics

The distribution of the turbulence within the first several hundred meters above the surface of Mauna Kea is ideal for ground-

layer adaptive optics systems. Nearly all of the ground-layer turbulence (e.g. > 95%) is located within a few tens of meters of

the ground. At telescope facilities about the summit, we predict that most of the optical turbulence they experience is also

within this narrow range in altitude. Most likely it arises within or just outside their enclosures.

Following Tokovinin (2004), we can derive a maximum field of view of a GLAO system from the extent of the turbulence.

RFOV =
λ

Hmaxβ

where λ is the imaging wavelength, Hmax is the extent of the turbulence, and β is the desired FWHM across the field. For

the Gemini GLAO system, a ten arcminute field of view (diameter) at 0.2” resolution, the gray zone extends up to 700 - 1600

meters for near-infrared wavelengths. The most important part of this gray zone has been studied here and within the first
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650m all of the turbulence is confined within the first 30 meters. If this is the maximum extent of the turbulence near the

ground, the field-of-view of a GLAO system (in the near-infrared or even the visible) is of order a degree or more.

7 CONCLUSIONS

The basic conclusions of the campaign are as follows:

• The free atmosphere and ground-layer seeing are uncorrelated. They are roughly comparable in strength and have median

seeing values of 0.42” and 0.51” respectively (see Table 3).

• The SLODAR and LOLAS profiles scan the optical turbulence ground-layer up to h ∼ 650m with an altitude resolution

of about 67 meters and 15 meters respectively. There is excellent agreement between the integrated turbulence strength in the

first 80 meters from the two profiles when observations from the two profilers are interleaved on timescales of 30-60 minutes.

• We provide a set of representative ground-layer turbulence profiles for Mauna Kea (Table 6). These are derived from a

combination of 18 months of SLODAR and LOLAS profiles taken along the summit ridge.

• The SLODAR and LOLAS profiles are consistent. Almost all of the ground-layer turbulence is confined within the first

tens of meters of the test site. The median exponential scale height derived from the SLODAR data is about 30 meters and for

the LOLAS data is 20 meters. In addition, the median turbulence strength above 30 meters is below the detection threshold

of the LOLAS profiler. This scale height thickens as the ground-layer turbulence strength increases.

• The SLODAR derived ground turbulence velocities agree well with the ground wind speeds measured by the CFHT/Gemini

weather tower. The derived atmospheric time constant is about 10 msec for the median ground layer speed and strength.

• There is a wind speed dependence in the strength of surface layer but no directional dependence. There is no similar

dependence on the free-atmosphere seeing measured by the SLODAR on wind velocity.

• The strong correlation between the average integrated strength of the GL in SLODAR and LOLAS profiles over the

course of about an hour suggests that the GL is very stable over these same timescales.

• There is a small trend with time of day though for the ground layer this may be due to instrumental effects.

• The measurements made during this campaign have limitations due to the telescope and site available for the study.

The observations are complete up to a wind speed of 10 m/s (70% wind speed) and do not sample past about 15 m/s (87%

wind speed). To get around the wind speed limitation one would need to implement a well engineered telescope, mount, and

enclosure. This was beyond the funds available for the study. The measurements are also affected by local turbulence due to

siting the equipment on the 2.2m Coudé roof. These affects are harder to estimate and also harder to avoid. For the scope of

this campaign no site exists that is completely out of the lee of any structure and near the elevation of the larger telescopes.

Future studies should address these issues.

We conclude that the optical turbulence near the ground at the summit of Mauna Kea is confined to the first few tens of

meters and that the free-atmosphere seeing is excellent above the site. The strong but thin ground-layer turbulence displays

multiple layers with the strongest layers at h=0 and h=20-30 meters. We expect that some of this turbulence is due to the

flow of wind over local structures, however, we expect that all of the telescopes on the summit experience similar turbulent

flows around their enclosures and that their image quality is dominated by very local effects. As a result we conclude that

ground-layer adaptive optics systems on Mauna Kea will provide very large corrected fields of view.
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