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Abstract Vertical profile of turbulence strengtlf) is one of the most important attributes for evaluating
a site’s astronomical performances. Although seeing isnconly used for describing turbulence strength,
it can only represent the integral of all layers of the tuelmgle above the observer. Other techniques which
can be applied to produ@g?, such as DIMM-MASS, SCIDAR, etc., all rely on rather comp#ystems

to do the measurements. In this paper, we present an idealigaéy the relative strength of turbulence
with entropies of short exposure images taken at differenjugated heights of the turbulence. Initial
experimental results are also presented in the paper.
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1 INTRODUCTION all turbulence above the observing height, and thus could
be easily combined with designed image quality achieved

As known ever since Newton, turbulence is one of the culby a telescope to predict how a telescope could perfor-
prits that deteriorate the image quality of a ground-base#i at a certain locatiorBarazin & Roddie(1999 devised
telescope. It can blur images taken with long exposur@ simple instrument called a Differential Image Motion
time or create multiple replicas of the object in the so-Monitor (DIMM) for seeing measurement. The instrument
called speckle image with short exposure. To charactefs portable, rugged, and easy to maintain which is perfect
ize and further alleviate the impact of atmospheric turfor long term monitoring of a site’s performance and thus
bulence, many theoretical/techncial efforts have been et has become a standard instrument for the purpose of site
plored. Metrics and measurement methods for quantizinégsting. However, the instrument cannot measure the turbu-
the strength of turbulence have been proposed in a hud@nce’s structure profile which has become more and more
number of papers. Among them, the most popular quarimportant ever since the implementation of adaptive optics
tities to represent turbulence strength are refractivesind (AO).

profile, C%(h), whereh is the altitude, and the total inte-

gral of C2(h) for heights above ground, the seeifig Due to the fast development of AO whose performance

is strongly correlated withC2(h), study of turbulence
The beauty of the these two parameters is that they argructure is necessary. New instruments, such as DIMM-
measurable with special scientific instruments. Althoughmulti-aperture scintillation sensor (MASS), lunar sdinti
C2(h) is ideal for investigating turbulence strength at dif- lometer, single star SCIDAR, etc.Mésciadri & Sarazin
ferent heights, to measure such a profile requires either 2009 that can measure turbulence strength at various
balloon equipped with a highly sensitive thermometer otheights have been proposed and utilized with good results.
employing a technique called SClintillation Detection andWe hereby also propose a new method for measuring the
Ranging (SCIDAR) which needs a telescope with diameiayered structure of turbulence along the line of sight of a
ter larger than 50cm. For both cases, it is hard to setufelescope which only requires attaching a fast CMOS to an
and difficult to monitor continuously for long term which existing telescope that has an adjustable refocusing.stage
is important for such a profile that has a statistical natureBy doing fast exposure at different conjugate heights and
This leads to the popularity of relying on seeing as a meriadopting a new metric, the method is fast and simple for
to evaluate a site’s imaging performance. It is a represerinvestigating local turbulence at various heights, whigh i
tation of image quality obtained considering only the over-beneficial for the design and operation of an AO system.
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Fig.1 Schematic of the method. Light from the bright s-
tar illuminates the turbulence within the depth of field. The
CCD camera will take short exposures to image the turbu
lence of this region.

In Section2, we will introduce the principle of the

method. Description of setup and field results will be givenFig- 2 Animage obtained with an 80 cm telescope focused
in Section3. We will draw a conclusion in Sectich at a finite distance. One can see the shapes of the tele-

scope’s primary, secondary and spider. The most impor-
tant is the “boiling blob structure” displayed in the image
2 PRINCIPLE which is caused by atmospheric turbulence. The structure
of the boiling blob becomes more chaotic when turbulence
The idea of the method is quite simple as illustrated inis stronger.
Figurel. A telescope can be considered as a thin lgns.
is the focal length of the telescope, whileis the distance Of bins in the histogram, which in our case we chose to be
of the image plane from the focal point, ands the dis- 256. 1
tance of the conjugate object plane from the other focal E = Zp(i) -logy(—=) - 1)
point. Whenz' = 0, as is the case for normal usage of g p(@)
astronomical observation, the telescope is focused to-infinhe reason to use Shannon entropy is that the value of en-
ity, wherez = oo. However, when one moves the imager,tropy represents the chaotic nature of random processes,
either a CCD or a CMOS, away from the focus, the objecsuch as the random behavior of the turbulence image. It is
t plane, which is the “plane of interest”, would also moveobserved that when turbulence is strong, the image of the
from infinity to a finite closer distance as we know from theturbulence would also be more chaotic, which would lead
Newtonian thin lens equation. At the same time, for a powto a higher entropy value than the image obtained when
ered finite sized aperture focusing at a finite distance, thturbulence is weaker. Therefore, in principle, it could be
effect of depth of field also begins to play its role. Becausatilized as a metric to reflect the turbulence strength.
the depth of field would “isolate” objects within certain In the following section we will demonstrate how we
distances by smearing other objects outside this range, llid our tests and the results we have obtained so far.
combining these two factors, one could image turbulence
at a distance within the depth of field by moving the imager3 TEST SETUP AND RESULTS
to the conjugated image plane. If the imager could move

continuously, one could obtain a series of short exposur\é\/e relied on an 80 cm telescope at Xinglong Observatory

images of turbulence like the one shown in FigRia dif- for the test. The focal distance of the telescope is 8m. An

ferent distances from the telescope along the line of sigh@ndor DU-888E back illuminated EMCCD camera was

and from these obtain information on the vertical strengthmoumed on the electrical focusing stage behind the tele-

distribution of turbulence utilizing a certain metric. SCOpes C.assegralry focus. The cgmera could travel alor]g
the electrical focusing stage continuously, and the maxi-

The metric we propose to use to represent the . .
. . ._mum offset distance for the camera from the focal point
turbulence strength from these images is the classical .
was 23 mm. There arg)24 x 1024 pixels on the camera.

“Shannon entropy” from information theory as described_l_he size of each pixel i&3 x 13um? which correspond-
in Gonzalez et al.(2003. We repeat the definition of this _ P R o b
s to a pixel scale of 0.33arcsec pixél Considering the

entropy in EquationX), whereF is the value of entropy
is the histogram of the grayscale image aiglthe number L http://www xi ngl ong- naoc. or g/ ht m / en/
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typical size of the “blob” in the image is approximately [ —28km —32km 38km —43km ——51km 64km ]
the seeing at the conjugate height, and the typical integra os e A e
seeing for our test site is 2 arcsec, the pixel scale of our set § M
up should be enough to sense turbulence with strength the E 4 i P T o
could degrade image size larger than 0.33 arcsec and verif Eo.z - 1
our supposition. For our observation, since the source we® ] Wwf\/
chose was very bright, we setthe exposuretime ofthe CCL  © = @ % 20 2 50 % 40 4 %0
to be 5ms, and the frame rate was set to be the maximur Altitude = 80.7 degrees
frame rate of the camera which is 26 frames per second &

No binning was applied since it will change the detection £

threshold of the turbulence strength. A Johngbband fil-
ter was installed in front of the camera.
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o
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With this setup, we pointed the telescope at a bright % 5 w0 15 2 FE;’::;; R
source close to the zenith. After locating the focal point Altitude = 79.3 degrees

where the size of the source on the image was smallesiz,g| |
we moved the camera away from the telescope. By doing £ o} e —
this, the conjugated object plane was getting closer to the 20.4-W
primary of the telescope. In other words, the camera woulc § 02| , —
begin to image the atmosphere at a finite distance rathe % & 5 = 5 5 5 & ®© 5 &

than stars at infinity when the camera was moving in such Frame

a fashion. Fig.3 Entropy calculated for three different observation
The source we chose was a 5 magtar at a zenith an-  sequences when the source was at elevation angkxs of

gle aroundl0°. It was bright enough to identify the chaot- 80.6° and79.3°, from top to bottqm respectivgly. ThE

. L ke th displaved i axis is the number of frames during one continuous expo-
ic structure in images (like the one displayed in F&. ;e sequence for a certain height. Ehaxis is the calcu-
with a 5ms exposure for conjugated heights from 6.4 kmated Shannon entropy.

to 2.8 km. Out of this conjugated height range, either the

“doughnut” shape was too big that light was spread out sghe continuous evolution of entropy observed at a certain
that the structure was too weak to identify, or the doughnuggjgpt.

shape was too small to observe any structure withinitwith  thare are three interesting behaviors of entropy that

our setup. could be noticed from Figur8. Firstly, entropies at dif-
We then set our camera at six different conjugatederent heights tend to be separated from each other, in a
heights consecutively. At every conjugated height, we acvlayered” fashion. Secondly, entropies at lower heighés ar
quired 50 frames with 5ms exposure time which tookhigher than entropies at higher heights. Thirdly, entrspie
about 1 minin total, then continued on to the next conjugatfor each of the heights evolve with time. These three be-
ed height by moving the camera along the electrical focushaviors actually correspond very well to what we have
ing stage which would take about another 2 to 3 min eaclknown about atmospheric turbulence strength. The atmo-
time. We repeated this observation sequence three timespheric turbulence profile is layer-like. The strength of tu
The zenith angles of the star for each of these three exp@ulence is stronger at lower altitudes than at higher alti-
sure sequences wese®, 80.7° and79.3° respectively. tudes. Turbulence strength evolves with time. Therefore,
From these images, we extracted the value within the€lualitatively as the first step, using entropy as a metric
doughnut shape in the image, and calculated the entrogdgr representing turbulence strength at different obsrve
without any binning. The calculated results are plotted inheights of the atmosphere is reasonable and feasible.
Figure3. From top to bottom, the three panels depict en-  To further verify the relationship between entropy
tropy variation for each of the observation sequences witland C%,(h), we calculated entropy of similar images in
the star at different elevation angles. Lines in differesit ¢ Figure 2 generated from a numerical Monte Carlo sim-
ors within one panel represent entropy obtained at diftererulation (Conan & Correia 2014given specificry (coher-
conjugated heights in one observation sequenceXrag-  ence length) value. In this simulation, only one layer of
is represents the number of frames that was used calculatierbulence was considered, and because of thiss di-
the entropy value. Therefore, it could also be considered a®ctly related to the single layers? value. We generat-
time since the first exposure at a certain conjugate heighéd evolving phase screens with constanvalue and uti-
TheY axis is the entropy value, and each curve represeniized these phase screens to generate images to calculate
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In this paper, we proposed a new metric, Shannon entropy,
that can be used for representing turbulence strength. We
also demonstrate a practicable method to obtain knowl-
edge on the turbulence distribution at different heights by
adjusting the camera’s object plane at different conjugat-
ed heights and calculating Shannon entropy. The result-
s of our tests demonstrate that the new metric is quali-
tatively correlated with atmospheric turbulence strength
Initial simulation indicates a clear relationship betwean
tropy obtained with this method and turbulence strength.
For the next step, we are planning to incorporate a more
detailed simulation to investigate the relationship betmve
Fig.4 Entropy calculated with simulated images vs. entropy and the commonly used met6g, (h) and theo-

used for generating these images. Dots are the S'mUIat'?%tical works to more fully understand this relationship.
results, and the blue continuous line is a fitting curve o

these dots.
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entropy. After calculating the mean value of entropy forREférences

thl(sj grouptofd nt-?]gges at thrsol, V\Il:e_ changeoll tth::]O value o an R. & Correia, C. 2014, in SPIE Conference Serie$.914
and repeated this process. In Figdtewe plot the mean Adaptive Optics Systems IV, 91486C

values of entropy vs. the, values with dots, and a poly- 10, ‘& "¢ \woods, R. E., & Eddins, S. L. 2003, Digital
nomial function fitting these dots. We can see that@ais : , ,

. S . Image Processing Using MATLAB (New Jersey: Prentice
approaching a larger value which indicates a milder turbu- . ch
lence, the entropy value is also dropping down as we have Ha_)’ C apter 11 _ _

. L. . - Masciadri, E., & Sarazin, M. 2009, Optical Turbulence:
already discussed. This simulation clearly indicatesarel ] _
tionship between the entropy and the strength of turbulence AStronomy Meets Meteorology - Proceedings of the Optical
represented by, here. However, further theoretical study _
is still needed to understand this relationship quantidi (Imperial College Press), Chapter 2
which could help in selecting guiding instrument parame-Sarazin, M., & Roddier, F. 1990, A&A, 227, 294
ters for this method.
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