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ABSTRACT
A six-night optical turbulence monitoring campaign has been carried at Cerro Paranal observatory in February and March, 2023
to facilitate the development and characterisation of two novel atmospheric site monitoring instruments - the ring-image next
generation scintillation sensor (RINGSS) and 24-hour Shack Hartmann image motion monitor (24hSHIMM) in the context of
providing optical turbulence monitoring support for upcoming 20-40m telescopes. Alongside these two instruments, the well-
characterised Stereo-SCIDAR and 2016-MASS-DIMM were operated throughout the campaign to provide data for comparison.
All instruments obtain estimates of optical turbulence profiles through statistical analysis of intensity and wavefront angle-of-
arrival fluctuations from observations of stars. Contemporaneous measurements of the integrated turbulence parameters are
compared and the ratios, bias, unbiased root mean square error and correlation of results from each instrument assessed. Strong
agreement was observed in measurements of seeing, free atmosphere seeing and coherence time. Less correlation is seen for
isoplanatic angle, although the median values agree well. Median turbulence parameters are further compared against long-term
monitoring data from Paranal instruments. Profiles from the three small-telescope instruments are compared with the 100-layer
profile from the stereo-SCIDAR. It is found that the RINGSS and SHIMM offer improved accuracy in characterisation of the
vertical optical turbulence profile over the MASS-DIMM. Finally, the first results of continuous optical turbulence monitoring
at Paranal are presented which show a strong diurnal variation and predictable trend in the seeing. A value of 2.65′′ is found for
the median daytime seeing.
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1 INTRODUCTION

Atmospheric optical turbulence (OT) induces both phase distortion
and amplitude modulation of light that propagates through it, leading
to a severe reduction in achievable image quality from ground-based
optical instruments. Large astronomical telescopes typically employ
adaptive optics (AO) systems to compensate for the wavefront phase
distortion, however there is a need for external monitoring of OT
during the design, validation and commissioning of such systems.
Additionally, knowledge of the vertical distribution of optical turbu-
lence will be crucial for predicting and verifying the performance
of multi conjugate adaptive optics (MCAO) systems planned for 20-
40m ELT-class telescopes (Costille & Fusco 2011; Tokovinin 2010).
These systems will therefore demand instruments that measure both
"integrated" parameters relevant to AO and the vertical distribution
of optical turbulence. Turbulence monitoring instruments are today
installed at many of the largest astronomical observatories, provid-
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ing real-time measurements of turbulence conditions, ensuring that
observational sensitivity requirements are met (Milli et al. 2019),
and providing long-term site monitoring data which is highly de-
sirable in the development of new optical instruments. Turbulence
monitoring is also seen as increasingly important in improving the
accuracy of meso-scale turbulence forecasting models (Masciadri
et al. 2020), which offer further gains in efficiency for observation
scheduling through the process of auto-regression (Masciadri et al.
2023) and will be highly beneficial to the operation of ELT-class
instruments. The current standard, small-telescope OT monitoring
instruments - the Multi Aperture Scintillation Sensor (MASS) and
Differential Image Motion Monitor (DIMM) - are limited by the use
of outdated CCD cameras, custom-manufactured equipment and, in
the case of the MASS, a noted discrepancy in measurements of OT
profiles compared to the high-resolution Stereo-Scintillation Detec-
tion and Ranging (S-SCIDAR) technique (Masciadri et al. 2014;
Lombardi & Sarazin 2016). There is therefore significant motiva-
tion to develop new instruments based on modern technologies for
deployment alongside ELTs.
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The minimum requirement for such instruments is firstly accurate
measurement of the astronomical seeing 𝜀0. This parameter is di-
rectly related to the integrated turbulence strength of the atmosphere
and represents the angular size of the seeing-limited (long-exposure)
point spread function (PSF) for astronomical observations. The free
atmosphere seeing, 𝜀0, 𝑓 is a measure of the seeing above an al-
titude of 500m (Lawrence et al. 2004) and enables a comparison
of seeing decoupled from highly localised turbulence in the ground
layer. Additional integrated turbulence parameters of interest include
the coherence time, 𝜏0, and coherence angle, 𝜃0 (Roddier 1981).
These are relevant to the operation of AO systems, representing re-
spectively an upper limit on the time taken to measure and correct
wavefront distortions and an upper limit of the achievable angular
correction. MCAO and laser tomographic adaptive optics (LTAO)
systems planned for ELT-instruments will also require knowledge of
the optical turbulence profile, as do forecasting models, in order to
provide meaningful validation of techniques. Accurate measurement
of the optical turbulence profile is therefore also highly desirable.

Multi-instrument campaigns have been hosted a number of times
at the European Southern Observatory (ESO) Paranal site, including
for example Dali Ali et al. (2010) and Osborn et al. (2018). This work
details the results from the most recent campaign at Paranal, in which
three turbulence profiling instruments based on portable telescopes:
the 24-hour Shack-Hartmann image motion monitor (24hSHIMM),
full aperture scintillation sensor (FASS) (Guesalaga et al. 2016) and
ring-image next generation scintillation sensor (RINGSS) were com-
pared with permanently installed OT profiling instruments at the
site. The primary motivation being to facilitate the development and
characterisation of these next-generation instruments against existing
techniques. The three instruments were co-located on the northern-
most part of the observatory for 6 nights starting on the 27th of
February, with the final night of observation on the 5th of March
2023. The ESO Multi Aperture Scintillation Sensor - Differential
Image Motion Monitor (MASS-DIMM) (Chiozzi et al. 2016) was
operating throughout all nights of observation whereas the stereo-
SCIDAR (Osborn & Sarazin 2018) was operated from the 28th to
the 5th only. As a part of the VLT Atmospheric Site Monitoring
(ASM) package, measurements of local meteorological parameters
were available for additional analysis.

This work will outline the theoretical operating principle behind
each instrument used in the campaign and present the major results
from the campaign with discussion. The generalised FASS instru-
ment is still under development and so its results have been excluded
from this work. The measurements of the 24hSHIMM and RINGSS
will be compared directly with the permanent instrumentation - the
DIMM, MASS-DIMM and the S-SCIDAR - both on measurements
of integrated parameters and on OT profiles using high-resolution
vertical 𝐶2

𝑛 profiles obtained from the S-SCIDAR.

2 TURBULENCE PROFILING INSTRUMENTS

The concepts and capabilities of each of the instruments used during
the campaign are briefly summarised below. For this campaign, the
other ESO turbulence profiling instruments: the robotic Slope De-
tection and Ranging (SLODAR) instrument and the adaptive optics
facility on UT-4, were not operational and so are omitted.

2.1 Stereo-SCIDAR

S-SCIDAR, which is described in detail in Shepherd et al. (2014), is a
triangulation technique that exploits observations of binary stars with

a similar magnitude, requiring a telescope larger than 1-m diameter
and low-noise camera due to the relative faintness of such targets,
to measure the vertical distribution of OT in the atmosphere. The S-
SCIDAR projects the pupil image from each star onto a separate
CCD detector using a prism which yields sensitivity advantages
over the typical SCIDAR implementation where the pupil images
are overlapped on a single camera (Fuchs et al. 1998). The cross
covariance of the spatial intensity fluctuations in the two pupil images
is analysed to extract a high-resolution optical turbulence 𝐶2

𝑛 (ℎ) dℎ
profile comprised of 100 layers at 250m intervals. Additionally, by
analysing the temporal evolution of the cross-covariance responses,
it is possible to extract the wind velocity and direction of individual
turbulent layers which enables estimation of the optical turbulence
coherence time. The S-SCIDAR system at Paranal is mounted on one
of the 1.8m auxiliary telescopes and has been extensively tested and
validated against existing instrumentation at the site (Osborn et al.
2018). The S-SCIDAR data from this experiment has been processed
using the latest corrections for finite spatial sampling described by
Butterley et al. (2020a) which also includes subtraction of localised
turbulence within the dome.

2.2 DIMM

The DIMM (Sarazin & Roddier 1990) consists of a small telescope
with a CCD camera and a pupil-plane mask of two small circular
apertures. Using a prism, the beams from the two apertures are im-
aged onto a detector and spatially separated. The seeing is measured
by analysing the variance in differential position of the two focal
spots (Tokovinin 2002). The DIMM is a simple, portable OT moni-
tor and provides measurements of the seeing at one minute intervals.
The Very Large Telescope (VLT) DIMM at Paranal is configured in
a combined MASS-DIMM system mounted on a 28-cm Celestron
C11 telescope and was installed as a part of the 2016 ASM upgrade
on a 7-m tower. Limitations of the instrument include insensitivity
to the bias introduced by optical propagation and only providing
measurements of the seeing.

2.3 MASS

The MASS (Kornilov et al. 2003) is similarly based around a small-
telescope and measures the normalised intensity fluctuations result-
ing from propagation though turbulence, commonly referred to as
the scintillation index, in 4 concentric apertures. Using the theory
described by Tokovinin et al. (2003), weighting functions are gener-
ated for the 10 (4 normal and 6 differential) scintillation indices at
vertical heights of 0, 0.5, 1, 2, 4, 8, 16 km and an inversion algorithm
is used to reconstruct the 𝐶2

𝑛 (ℎ) dℎ of each layer. The VLT MASS is
combined in a MASS-DIMM configuration (Kornilov et al. 2007).
As the MASS relies solely on measurements of scintillation, it is
insensitive to ground-layer turbulence which can be accounted for
using simultaneous measurements from the DIMM. The techniques
described by Kornilov (2011) allow for estimation of the OT coher-
ence time by measurement of the atmospheric second moment of
wind and combination with the DIMM data.

2.4 RINGSS

RINGSS is a solid-state turbulence profiler developed to replace the
technically obsolete MASS instruments (Tokovinin 2021). It uses
a 5-inch Celestron telescope where image of a bright single star is
optically transformed into a ring. This is achieved by combination
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of spherical aberration and defocus in the focal-reducer lens. The
pixel scale is 1.57 arcsec and the ring radius is 11 pixels. Cubes of
2000 ring images of 48×48 pixel format and 1 ms exposure time are
recorded by a CMOS camera. Image processing consists in centering
the rings and computing 20 harmonics of intensity variation along
the ring (in the angular coordinate). Variances of these harmonics,
averaged over 10 image cubes, are related to the turbulence profile by
means of weighting functions in the same way as in MASS. RINGSS
delivers turbulence integrals in eight layers at 0, 0.25, 0.5, 1... 16 km
heights. The results refer to zenith; they are corrected for the finite
exposure time bias and partially corrected for deviations from the
weak-scintillation regime (saturation). The atmospheric time con-
stant is determined by the method of Kornilov (2011).

Scintillation signals in RINGSS are sensitive to the ground-layer
turbulence because the image is not focused (analogue of a gen-
eralized SCIDAR). Alternative estimation of seeing is made using
radial distortions of the rings, in analogy to a DIMM. The "sector"
and "scintillation" seeing estimates agree well; here we use only the
latter. The instrument operates robotically. Its control provides for se-
lection and change of targets, pointing and centering, and closed-loop
focus control.

2.5 24hSHIMM

The 24hSHIMM (Griffiths et al. 2023) is based around a Shack-
Hartmann wavefront sensor (SHWFS) and portable 11-inch tele-
scope design. It observes single, bright stars and measures both the
intensity and wavefront angle-of-arrival (AoA) fluctuations in each
of the SHWFS focal spots. The spatial statistics of the scintilla-
tion are compared with weighting functions (Robert et al. 2006)
and a non-negative least squares algorithm is used to reconstruct a
low-resolution 𝐶2

𝑛 (ℎ) dℎ profile. The 24hSHIMM is not negatively-
conjugated, therefore a scintillation-based reconstruction is insen-
sitive to the ground layer and integrated turbulence strength mea-
surements from SHWFS AoA fluctuations are used to overcome this
limitation. The 24hSHIMM is designed to operate for 24-hours a
day, typically through use of an InGaAs camera operating in the
short-wave infrared to reduce sky background light and minimise the
effects of strong turbulence. The 24hSHIMM does not operate at high
frame rates to measure the coherence time, however instead it uses
the estimate of the turbulence profile along with wind speed mea-
surements from a local weather station and the vertical wind speed
profile from the ERA5 ECMWF forecast (Hersbach et al. 2020) to
obtain an estimate of the coherence time. A notable change from the
original implementation of the 24hSHIMM is that in this work, mea-
surements are obtained by a CMOS camera and a 600nm longpass
filter which introduces additional constraints on performance.

2.6 Campaign details

The location of each instrument on the Paranal observatory platform
is shown in Figure 1. The 24hSHIMM and RINGSS were mounted
on concrete pillars adjacent to the 1998 DIMM tower within 2m
of one-another. The FASS was mounted on a tripod slightly fur-
ther away, between the old-DIMM tower and SLODAR crate. The
24hSHIMM was mounted approximately 2m off of the ground, the
RINGSS and FASS were at about 1.5m. Wind breaks were set up
along the Northern fence next to the instruments.

The local environments for the S-SCIDAR and MASS-DIMM are
therefore significantly different; they are both much further away
from any large buildings and more elevated from the ground. The

Meteo-
tower

Stereo-SCIDAR

MASS-DIMM (2016)

FASS
24hSHIMM
RINGSS

DIMM 
(1998)

VST

Figure 1. Location of turbulence monitoring instrumentation described in
section 2. Image credit: ESO/G. Hüdepohl (atacamaphoto.com).

MASS-DIMM is on a 7 m tower and the S-SCIDAR was mounted on
VLTI auxiliary telescope two; the alt-az altitude axis of which is 5-m
above surface (Koehler & Flebus 2000). We therefore expect poorer
agreement in the seeing between these instruments and the monitors
located near the VLT Survey Telescope (VST), as local turbulence
conditions are likely to differ significantly.

The list of targets for the RINGSS was shared at the beginning
of the experiment and efforts were made to synchronise target stars
where possible between the visiting turbulence monitors. The MASS-
DIMM and S-SCIDAR however were using separate target lists.

3 RESULTS

The overall results for this campaign are laid out below. This in-
cludes both direct comparison of integrated parameter measurements
between the different instruments, and a comparison of optical tur-
bulence profiles with the high-resolution S-SCIDAR. A focus is
primarily made on comparison of the developmental instruments
24hSHIMM, RINGSS with the well-characterised and permanently
installed S-SCIDAR and MASS-DIMM. However all instruments
have been compared where appropriate. The comparison between
24hSHIMM and RINGSS is of interest as the two instruments were
co-located, observing similar targets and so are much more likely to
agree. The agreement of the S-SCIDAR and MASS-DIMM is also
of interest to compare to long-term monitoring results and previous
studies.

To generate comparison plots, for the instrument on the x-axis,
each measurement has been directly plotted against the nearest mea-
surement from the instrument on the y-axis within a maximum time
difference of two minutes. If a corresponding measurement could
not be found within two minutes the data point has been excluded
from the plot to minimise the effects of temporal evolution of the
turbulence on the comparison. Additionally, each of the instruments
has a similar integration time of approximately 20-60 s which allows
for direct comparison between data packets. In each comparison plot,
a white dashed line represents the line of perfect agreement between
the instruments, and the Pearson correlation coefficient, 𝑟 , bias, B,
unbiased root mean square error, RMSE, and mean ratio, MR, of
each data set is reported in the top-left of the graph. Mathematical
definitions of the latter three parameters may be found in appendix A.
These comparison parameters are additionally summarised for each
figure in an accompanying table. The colour gradient indicates the
density of measurements at each point in the graph with black the
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lowest and pale yellow the highest. The median values from these
findings will also be compared to results from long-term studies on
seeing conditions at Paranal with Butterley (2021) reporting the lat-
est S-SCIDAR results and Otarola (2021) the results from the MASS
and DIMM. These results can be found in table 1.

Finally, the distribution and temporal sequences of 𝐶2
𝑛 (ℎ) dℎ pro-

files measured by the instruments will be directly compared with the
S-SCIDAR through a binning process to investigate accuracy of OT
profile characterisation, and the first results from the 24hSHIMM of
24-hour continuous monitoring of OT at Paranal are presented in
full.

3.1 Seeing

The astronomical seeing, 𝜀0, describes the angular full-width-at-
half-maximum (FWHM), typically measured in units of arcseconds,
of the seeing-limited point spread function for long-exposure imag-
ing through optical turbulence. It can be calculated using the Fried
parameter 𝑟0 (Fried 1966),

𝑟0 =

[
0.423𝑘2 sec(𝛾)

∫ ∞

0
𝐶2
𝑛 (ℎ) dℎ

]−3/5
, (1)

where 𝑘 = 2𝜋/𝜆 is the wavenumber,𝜆 is the wavelength of the light, 𝛾
the zenith angle of observation in radians, ℎ the altitude of a turbulent
layer in metres, 𝐶2

𝑛 (ℎ) the refractive index structure constant, given
in units of m−2/3. The relationship between the Fried parameter and
the seeing is then given by

𝜀0 = 0.98
𝜆

𝑟0
. (2)

Accurate measurement of the astronomical seeing is the most fun-
damental requirement of an optical turbulence monitor as it quantifies
the integrated turbulence strength of the atmosphere and directly re-
lates this to the degree of image distortion. From the median seeing
measurements in table 1, it is immediately clear that the two instru-
ments located in the northern end of the site, near to the VST and
installed at a lower height above ground, are measuring stronger see-
ing that the MASS-DIMM and S-SCIDAR. This is most likely due
to local turbulence effects. There is however a very strong agreement
between the DIMM and S-SCIDAR measurements, and a mean ratio
close to 1, despite their separation on the site — but noting their
similar height above the ground and isolated locations this is not
surprising.

It is known that the local seeing at the 1998-DIMM tower is
slightly stronger than the current 2016-MASS-DIMM. The median
seeing calculated from several years of measurements with the 1998-
DIMM between 2010-01-01 and 2015-05-22 was found to be 0.98′′
compared to the 2016-DIMM long term seeing of 0.71′′. This sup-
ports a location-based argument for some of the discrepancy between
the visiting and the ESO instruments. Previous campaigns using the
Generalised Seeing Monitor at the same location have found seeing
values of 0.88′′ (Martin et al. 2000) and 1.07′′ (Dali Ali et al. 2010).
Additionally, high-resolution profiling of the surface layer carried out
by Butterley et al. (2020b) using the surface-layer SLODAR identi-
fies an exponentially decaying turbulence strength with altitude —
hence we also expect the higher elevation of the MASS-DIMM and
S-SCIDAR to result in lower seeing.

Individual comparisons of seeing measured by each instrument are
displayed in figure 2. It is extremely encouraging that all seeing mea-
surements display strong correlation with the minimum of 𝑟 = 0.70
for the RINGSS compared with the S-SCIDAR. As expected, due to
co-location and overlapping targets, the 24hSHIMM and RINGSS
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Figure 2. Comparison of contemporaneous seeing measurements during the
campaign from the DIMM, S-SCIDAR, 24hSHIMM and RINGSS.

display a very strong correlation of 0.83, however there is a sig-
nificant bias between the two despite their proximity. A number of
factors may contribute to this, including the RINGSS corrections for
finite exposure time and partial saturation of scintillation - conditions
which would lead to underestimates of fast-moving and high altitude
turbulent layers on the 24hSHIMM - there is a also a small height
offset between the two with the RINGSS being closer to the ground
which could lead to slightly stronger turbulence above the telescope
pupil. The correlation between the DIMM and S-SCIDAR is equally
strong but with far less bias - the results are also consistent with the
long term monitoring, as seen in table 1.

3.2 Free atmosphere seeing

The free atmosphere seeing, 𝜀0, 𝑓 is calculated as the integrated see-
ing of all turbulent layers with an altitude of 500 m or greater for
the MASS, RINGSS and S-SCIDAR. The 24hSHIMM is limited by
a large sub-aperture size of 5 cm and cannot sample the highest fre-
quency scintillation fluctuations produced by low-altitude turbulence.
This is due to height scaling of the characteristic size of scintillation
speckles - given by the radius of the first Fresnel zone, 𝑟 ≈

√
𝜆𝑧. It

therefore lacks the sensitivity required to reconstruct a layer at 500 m,
so a direct comparison with the other instruments is not possible and
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Table 1. Median values of parameters obtained during this campaign, marked in the columns as ‘2023’, from all instruments are compared with long-term site
monitoring results findings of Otarola (2021); Butterley (2021) with the column labels ‘long-term’. There are some blank entries which correspond to unavailable
data - either because the instrument cannot measure the parameter or there is no source for long-term data. The median values for the 24hSHIMM are calculated
excluding data taken during the daytime.

N Profiles 𝜀0 (′′ ) 𝜀0, 𝑓 (′′ ) 𝜃0 (′′ ) 𝜏0 (ms)

Instrument 2023 Long-term 2023 Long-term 2023 Long-term 2023 Long-term 2023

DIMM 2696 0.71 0.75 - - - - - -
MASS-DIMM 2477 - 0.79 0.41 0.40 1.98 2.53 6.14 6.3
S-SCIDAR 611 0.72 0.76 0.46 0.51 2.03 2.62 3.61 5.8
RINGSS 5387 - 1.10 - 0.58 2.46 - 5.8
24hSHIMM 1942 - 0.89 - - - 2.35 - 3.7

Table 2. Summary of statistical comparison parameters all graphs.

X - axis Y - axis r RMSE B MR

Seeing, 𝜀0 (′′) (′′)

S-SCIDAR RINGSS 0.70 0.27 0.40 1.59
DIMM RINGSS 0.76 0.28 0.34 1.46
S-SCIDAR 24hSHIMM 0.76 0.17 0.16 1.25
DIMM 24hSHIMM 0.80 0.18 0.11 1.19
S-SCIDAR DIMM 0.83 0.15 0.02 1.04
24hSHIMM RINGSS 0.83 0.28 0.24 1.25

Free atmosphere seeing, 𝜀0, 𝑓 (′′) (′′)

S-SCIDAR RINGSS 0.86 0.21 0.14 1.23
MASS-DIMM RINGSS 0.85 0.22 0.14 1.36
S-SCIDAR MASS-DIMM 0.80 0.17 -0.03 0.93

Isoplanatic angle, 𝜃0 (′′) (′′)

S-SCIDAR RINGSS 0.35 0.67 -0.17 0.97
MASS-DIMM RINGSS 0.40 0.59 -0.08 1.00
S-SCIDAR 24hSHIMM 0.40 0.67 -0.32 0.91
MASS-DIMM 24hSHIMM 0.33 0.65 -0.18 0.96
S-SCIDAR MASS-DIMM 0.30 0.72 -0.19 0.97
24hSHIMM RINGSS 0.54 0.53 0.11 1.08

Coherence time, 𝜏0 (ms) (ms)

S-SCIDAR RINGSS 0.75 1.94 -0.05 1.00
MASS-DIMM RINGSS 0.69 3.69 -0.82 0.96
S-SCIDAR 24hSHIMM 0.69 1.80 -2.81 0.59
DIMM 24hSHIMM 0.77 2.57 -3.24 0.58
S-SCIDAR DIMM 0.70 2.10 0.25 1.05
24hSHIMM RINGSS 0.84 2.13 2.69 1.72

it has been excluded. Figure 3 details the measurements obtained
with the three other instruments.

3.3 Isoplanatic angle

The isoplanatic angle is defined by Roddier (1981) as

𝜃0 =

[
2.91𝑘2 cos−8/3 (𝛾)

∫ ∞

0
𝐶2
𝑛 (ℎ) ℎ5/3dℎ

]−3/5
. (3)

This quantity is of particular interest for design and operation of
AO systems as it represents the separation angle between a guide
star and target which will result in 1 rad2 RMS wavefront error
for phase corrections. It is particularly of interest when considering

0.0 0.5 1.0 1.5
S-SCIDAR ε0, f (′′)

0.0

0.5

1.0

1.5

RI
NG

SS
 ε 0

,f
 (′
′ )

r = 0.86
RMSE = 0.21′′
B = 0.14′′
MR = 1.23

0.0 0.5 1.0 1.5
MASS-DIMM ε0, f (′′)

0.0

0.5

1.0

1.5

RI
NG

SS
 ε 0

,f
 (′
′ )

r = 0.85
RMSE = 0.22′′
B = 0.14′′
MR = 1.36

0.0 0.5 1.0 1.5
S-SCIDAR ε0, f (′′)

0.0

0.5

1.0

1.5

M
AS

S-
DI

M
M

 ε 0
,f

 (′
′ )

r = 0.80
RMSE = 0.17′′
B = -0.03′′
MR = 0.93

Figure 3. Comparison of contemporaneous free atmosphere seeing mea-
surements during the campaign from the MASS-DIMM, S-SCIDAR, and
RINGSS.

target availability in single conjugate adaptive optics (SCAO) and in
calculation of AO error budgets.

Figure 4 displays the comparisons of isoplanatic angle measured
by all instruments. Unlike measurements of the seeing, it is ob-
served that there is less correlation between all instruments. However,
the variation of isoplanatic angle during the campaign was small.
The strongest correlation, 0.54, is found between 24hSHIMM and
RINGSS which observed same targets, while other profilers sampled
different turbulent volumes. The ℎ5/3 scaling in Eq. 3 implies that
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Figure 4. Comparison of contemporaneous isoplanatic angle measurements
during the campaign by the MASS-DIMM, S-SCIDAR, 24hSHIMM and
RINGSS.

this parameter is highly sensitive to turbulence in the upper atmo-
sphere. Therefore an accurate characterisation will require sensitivity
to high-altitude turbulence. The 24hSHIMM, RINGSS and MASS
are limited in this regard by their response functions for the highest
altitude layer which are several kilometres wide. The turbulence dis-
tributed over this layer will be averaged and reported at that height,
leading to a reduction in accuracy. When taking optical propaga-
tion into account for observing at lower zenith angles, saturation of
scintillation produced by the highest-altitude layers is an additional
source of error for monitors based on weak-scintillation theory. The
exception in this experiment being the RINGSS and MASS which
implement a correction process. This combination of factors is likely
to explain the smaller correlation observed in measurements from
the four instruments, while the median values agree fairly closely.

3.4 Coherence time

Knowledge of the coherence time is essential for AO as it defines the
minimum bandwidth of the system. The optical turbulence coherence
time is typically on the scale of a few ms. It is related to the wind
speed profile and turbulence strength in the following way (Roddier

1981),

𝜏0 = 0.314
𝑟0

𝑉5/3
, (4)

where 𝑉5/3 is the weighted mean of the wind speed raised to the
power of 5/3,

𝑉5/3 =

[ ∫ ∞
0 𝑉 (ℎ)5/3𝐶2

𝑛 (ℎ) dℎ∫ ∞
0 𝐶2

𝑛 (ℎ) dℎ

]3/5

. (5)

The instruments in this study employ a variety of strategies to mea-
sure the coherence time. The S-SCIDAR analyses the spatio-temporal
cross-correlations of the scintillation measured in the pupil. Peaks
that match atmospheric layers translate across the auto-covariance
map with each successive time offset due to translation of the turbu-
lent layers with wind. The direction and speed of each of the layers
is recorded and the mean wind speed calculated from Eq. 5. The
S-SCIDAR is only able to directly estimate the wind speed of the
strongest layers. Weak layers with no detected wind speed are as-
signed a value through interpolation of the measured wind speed
profile.

The 24hSHIMM takes a different approach, utilising measure-
ments of the 𝐶2

𝑛dℎ profile, atmospheric wind speeds from the
ECMWF ERA-5 reanalysis binned to the 24hSHIMM profile lay-
ers with the wind speed for the ground layer bin replaced by wind
speed measured from a local weather station which typically has a
higher temporal resolution. The MASS-DIMM and RINGSS utilise
the method described in Kornilov (2011) of including a wind shear
component in the weighting functions, continuous exposures with-
out gaps, and a fitting process to estimate the second moment of the
wind 𝑉2 with the approximation of 𝑉2 ≈ 1.1𝑉5/3 found by Kellerer
& Tokovinin (2007) enabling an estimate of the coherence time.

Figure 5 displays comparisons of coherence time measurements
for the four instruments. The RINGSS and MASS use the same
method of calculating coherence time and agree strongly with little
bias. The two instruments also agree well with the S-SCIDAR, again
with little bias. The 24hSHIMM technique however displays poorer
agreement with the other three instruments which may be expected
given the limited temporal resolution of forecast data. The coherence
time is also biased towards smaller values, which is reflected in
the median measurement given in Table 1, however the correlation
remains strong with the MASS-DIMM and RINGSS.

3.5 Optical turbulence profiles

Optical turbulence profiles are characterised by the refractive in-
dex structure constant 𝐶2

𝑛 as a function of vertical height above the
ground. The instruments in this study record the sum of 𝐶2

𝑛 over a
given volume dℎ for each layer using an inversion process. To fa-
cilitate a comparison between all instruments which use different
models and layers, the RINGSS, MASS-DIMM and 24hSHIMM
are directly compared with the high-resolution S-SCIDAR profiles
through binning using instrument response functions.

The response functions dictate the measured 𝐶2
𝑛 (ℎ) dℎ response

to a single, thin turbulent layer placed at any height throughout the
atmosphere. These functions are typically evaluated in simulation by
passing a single, thin layer from the ground to the upper atmosphere
and plotting the𝐶2

𝑛 (ℎ)dℎ measured by the instrument in each altitude
bin. For scintillation-based instruments such as RINGSS, S-SCIDAR
and MASS the response functions usually manifest as triangles on a
log scale of height, centred on the altitude of the turbulent layer re-
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Figure 5. Comparison of contemporaneous measurements of the atmospheric
turbulence coherence time by the MASS-DIMM, S-SCIDAR, 24hSHIMM
and RINGSS.

constructed and crossing adjacent bins at half of the input turbulence
strength (Tokovinin et al. 2003; Tokovinin 2021).

For the 24hSHIMM, this approximation also holds well, except
for between the ground layer and the first layer. The response
functions 𝑓𝑖 (ℎ) for the 24hSHIMM and RINGSS are displayed
in Figure 6 on a linear scale of height. These instruments, as
well as MASS, estimate turbulence strength in discrete layers as
𝐶2
𝑛 (ℎ𝑖)dℎ =

∫
𝑓𝑖 (ℎ)𝐶2

𝑛 (ℎ)dh. The response functions for the MASS
can be found in Kornilov et al. (2003).

Figure 7 displays a box and whisker plot of optical turbulence
profile measurements from the 24hSHIMM, RINGSS and MASS-
DIMM compared with contemporaneous S-SCIDAR profiles. The
S-SCIDAR profiles have been binned down to the instrument layers
using the response functions and only data within ±2 minutes of an
S-SCIDAR measurement have been used. The whiskers represent the
5th and 95th percentiles of the distribution, the median is shown as a
dashed black line and the mean as a solid magenta line. It is therefore
possible to simultaneously compare mean profiles and distributions
of measurements in individual layers. Figure 7 indicates that all
instruments measure a significantly stronger ground layer than the
equivalent S-SCIDAR measurement.

A notable feature of the MASS-DIMM profile is a significant
underestimation in the 8 km layer, which appears to be the driving

Figure 6. A plot of the response functions for the 24hSHIMM and RINGSS.
The alternating line styles differentiate the response functions of each recon-
structed layer. The sum of responses from all layers is approximately one.

cause of the smaller value of median free-atmosphere seeing. For
RINGSS and the 24hSHIMM, some layers register zero 𝐶2

𝑛 (ℎ) dℎ ,
hence anomalous boxes and whiskers such as the 4km layer for the
24hSHIMM and 2 km layer in RINGSS on a a log-scale of 𝐶2

𝑛 (ℎ) dℎ
. Mean values however agree well for the free-atmosphere layers.

Figure 8 shows a detailed comparison between vertical turbulence
profiles measured by RINGSS with all 611 available S-SCIDAR
profiles matched in time and resolution. Despite different locations
and different target sources, we note a strong agreement of timing
and localisation of strong turbulence packets, especially in the 0.5
and 1-km layers. The ground layer is not included in this comparison.
Figure 9 shows a similar plot for the 24hSHIMM. It suggests that
the correlation between lower-altitude layers is higher than for high-
altitude layers, evidencing the low correlation in isoplanatic angle.

3.6 Day and night measurements

The 24hSHIMM measures OT profiles continuously for 24-hours a
day by operating at short-wave infrared wavelengths. Compared to
the visible light, this extends the validity of the weak-scintillation as-
sumption and reduces the sky background. Additional techniques for
rapid background subtraction (Griffiths et al. 2023) are also employed
to ensure accurate photometry.

Figure 10 shows a continuous plot of the three main integrated
turbulence parameters estimated by the 24hSHIMM: seeing, isopla-
natic angle and coherence time. Because the instrument produced a
measurement every 1-2 minutes, for presentation purposes the data
have been binned such that each data point represents the average of
any measurements that fall into ten-minute bins. The sharp diurnal
variation in seeing is immediately evident from the graph, with a
repetitive, sharp drop in the seeing after sunset leading to the best
conditions in earliest part of the night. The general trend thereafter
appears to be a gradual increase in the seeing until just after sun-
rise where it rises very strongly. More work is needed to understand
the underlying processes behind this behaviour and the influence of
meteorological parameters.

The median value of the daytime seeing, calculated between sun-
rise and sunset, was found to be 2.65′′, isoplanatic angle 2.05′′ and
coherence time 1.5 ms. It is notable that measurements of the iso-
planatic angle, which is insensitive to low-altitude turbulence, do
not experience the same distinct variation. This suggests that the in-
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Figure 7. A comparison of𝐶2
𝑛 (ℎ)dℎ profile measurements for all instruments

with contemporaneous measurements from the S-SCIDAR. The red boxes
show the instrument data from each fitted layer, and the adjacent blue boxes
the contemporaneous measurements (within +/- two minutes) from the S-
SCIDAR which have been binned to match the instrument layers using the
response functions. The extent of coloured boxes represents the first and
third quartiles, the dashed line the median measurement, the magenta line
the mean, and the whiskers the fifth and 95th percentiles of the distribution.
From top left to bottom right, the plot shows the mean S-SCIDAR profile,
and box and whisker plots for the 24hSHIMM, RINGSS and MASS-DIMM
compared with S-SCIDAR. Significantly smaller values in the top-left panel,
compared to other panels, are explained by the thinner dℎ = 0.25 km layers
of the S-SCIDAR profiles.

creased turbulence strength during daytime is a result of solar heating
at the ground affecting the boundary layer, and the upper atmosphere
is relatively unaffected. The coherence time follows a similar trend
to the Fried parameter likely due to dominance of the strong ground
layer turbulence.

4 CONCLUSIONS

An optical turbulence monitoring campaign has been carried out at
Cerro Paranal observatory between the 27th February and 5th March
2023. The aim of this study was to characterise novel turbulence
monitoring instruments, the 24hSHIMM and RINGSS, against ex-
isting instruments at the site through comparison measurements of

Figure 8. Turbulence profiles measured simultaneously by RINGSS (up-
facing blue bars) and S-SCIDAR (down-facing magenta bars). S-SCIDAR is
matched in resolution and time to RINGSS with the sample number indicating
the nth S-SCIDAR measurement taken during the campaign. The width of
each band is 5 × 10−13m1/3.

Figure 9. Turbulence profiles measured simultaneously by 24hSHIMM (up-
facing blue bars) and S-SCIDAR (down-facing magenta bars). S-SCIDAR
is matched in resolution and time to 24hSHIMM with the sample number
indicating the nth S-SCIDAR measurement taken during the campaign. The
width of each band is 2 × 10−13m1/3.

vertical OT profiles and integrated parameters including the seeing,
free-atmosphere seeing, isoplanatic angle and coherence time.

Data collected from these two instruments during the campaign
were further compared against measurements from the S-SCIDAR
and the MASS-DIMM by assessing the RMSE, bias and correlation
of contemporaneous data from pairs of instrument. Additionally me-
dian values from the whole campaign were calculated and compared
to long-term averages.

It was found, as in previous campaigns, that the seeing mea-
sured near the old 1998-DIMM tower are significantly larger than
for the S-SCIDAR and 2016-MASS-DIMM. In general, however,
strong correlation is found across all seeing and free-atmosphere see-
ing measurements. Isoplanatic angle measurements display a good
agreement in median values, but are less correlated between all in-
struments, which is likely to be a result of limitations in sensitivity

MNRAS 000, 1–10 (2023)



Comparing next-generation turbulence profilers at Paranal. 9

0

2

4

6
ε 0

(′
′ )

0

2

4

θ 0
(′
′ )

2023-02-28

2023-03-01

2023-03-02

2023-03-03

2023-03-04

2023-03-05

Date

0
2
4
6
8

10
12

τ 0
 (m

s)

Figure 10. Integrated parameters measured by the 24hSHIMM during the
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binned to 10-minute intervals for presentation and dates are in UTC. The
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and twilight respectively

to high altitude turbulence and difference in the sampled turbulence
volumes. Coherence time measurements are strongly correlated be-
tween all instruments, although the 24hSHIMM technique of using
wind speed measurements from meteorological forecast data appears
to strongly underestimate the coherence time.

The accuracy of OT profiling is also investigated by comparison
of profiles with contemporaneous S-SCIDAR measurements binned
using instrument response functions. The two visiting instruments are
found to agree well with the S-SCIDAR, with expected bias towards
stronger turbulence in the ground layer. It was also observed that the
MASS-DIMM systematically underestimates in the 8 km layer.

Finally, the first measurements of continuous optical turbulence
parameters at Paranal are presented which indicate a predictable and
extreme diurnal variation in seeing with a median daytime value of
2.65′′ compared to equivalent night-time median of 0.88′′, which
is assumed to be driven by changes in the boundary layer due to
solar heating in the early morning and rapid cooling in the evening
as similar changes are not present in the isoplanatic angle which is
sensitive to high altitude turbulence. This experiment suggests that
the best seeing conditions are in the earliest part of the night.
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APPENDIX A: STATISTICAL COMPARISON
PARAMETERS

In this section, the equations for statistical comparison parameters
used in figures 2-5 and tables 2-5 are defined. In all equations
𝑖 = 1, 2, 3 . . . 𝑁 indicates a sample of 𝑁 independent turbulence
parameter measurements, 𝑋𝑖 the measurement of the parameter by
instrument 𝑋 and 𝑌𝑖 the contemporaneous measurement of the pa-
rameter by instrument 𝑌 . The bias, B is defined as

B =

𝑁∑︁
𝑖=1

𝑌𝑖 − 𝑋𝑖

𝑁
, (A1)

the root mean square error (with bias subtracted), or RMSE, as

RMSE =

√√√ 𝑁∑︁
𝑖=1

( [𝑌𝑖 − 𝑌𝑖] − [𝑋𝑖 − 𝑋𝑖])2
𝑁

, (A2)

where𝑌𝑖 , 𝑋𝑖 are the means of the contemporaneous measurements,
and the mean ratio by

MR =
1
𝑁

𝑁∑︁
𝑖=1

𝑌𝑖

𝑋𝑖
. (A3)

This paper has been typeset from a TEX/LATEX file prepared by the author.
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