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ABSTRACT

A Lunar Laser Ranging (LLR) system is to form part of geodetic instrumentation to be located at a new fundamental space geodetic
observatory for South Africa. For optimal efficiency, LLR requires optical resolution or so-called astronomical seeing conditions of
~1 arc-second in order to deliver usable ranging data. Site characterisation should include a description of astronomical seeing for
various locations on-site and overall atmospheric conditions. Atmospheric turbulence degrades astronomical seeing. In-situ methods
of determining astronomical seeing are difficult, time-consuming and costly. We propose the use of a turbulence-resolving model
to determine and predict astronomical seeing at a site. Large Eddy Simulation NERSC (Nansen Environmental and Remote Sensing
Centre) Improved Code (LESNIC) is a turbulence-resolving simulation code which models atmospheric turbulence. It has been used
to compile a database of turbulence-resolving simulations, referred to as DATABASEG4. This database consists of a collection of
LESNIC runs for a stably stratified planetary boundary layer (SBL) over a homogeneous aerodynamically rough surface. Results from
DATABASEG4 for the nocturnal boundary layer are employed to render profiles of the vertical distribution of optical turbulence
(cy profiles). Seeing parameter values are also obtained by making use of DATABASEG4 results. The Cy profiles and seeing
parameter values obtained from DATABASEG4 results are compared with general observational results that have been published in
the literature. The values obtained are consistent with results from field campaigns as reported. Turbulence-resolving models, such
as LESNIC, show potential for delivering and predicting profiles and parameters to characterise astronomical seeing, which are
essential prerequisites for establishing an LLR system at the most suitable site and most suitable on-site location. A two-pronged
approach is envisaged — in addition to modelling, quantitative seeing measurements obtained with an on-site seeing monitor will
be used to verify and calibrate results produced by the LESNIC model.

Introduction

A new fundamental space geodetic observatory to
deliver high quality and quantity geodetic data is
planned for South Africa. A Lunar Laser Ranging (LLR)
system is under development and will be located at a
still to be determined site. The LLR’s laser beam

becomes diverged and the beam energy profile is
adversely affected during propagation from the Earth to
the Moon and back. This is as a result of turbulence in
the atmosphere that causes dispersion and divergence of
the laser beam. The LLR technique requires optimal
optical seeing conditions at ~1 arc-second resolution
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level to achieve millimetre-level accuracy in ranging to
the Moon. Determining optical seeing conditions for
various locations requires on-site measurements which
form an integral part of site characterisation (Combrinck
et al,, 2007). In-situ methods of determining optical
(commonly known as astronomical) seeing conditions
are difficult, time-consuming and costly. A turbulence-
resolving model to determine and predict astronomical
seeing at a site is proposed.

Atmospheric turbulence

Atmospheric turbulence in the layer closest to Earth, the
planetary boundary layer (PBL), contributes significantly
to the degradation of optical seeing quality. The PBL is
directly influenced by interaction with the ground and,
depending on time of day and weather conditions,
varies from ground level to an altitude of ~200 m to
2 km (Trinquet et al., 2006). Atmospheric turbulence
results when the boundary layer between air masses
with different temperatures breaks up into local unstable
air masses known as eddies. Eddies act as weak,
irregular lenses with varying refractive indices, distorting
wave fronts. Eddies have scale sizes ranging from large
to small. The large scale size is referred to as the outer
scale of turbulence, L, and ranges from tens to
hundreds of meters, with wind shear or convection as
energy source. The small scale size is referred to as the
inner scale of turbulence, [, and is on the order of a few
millimetres in size (Stull, 1988).

In the Kolmogorov model of turbulence, energy is
added to the largest scale eddies and transferred to
progressively smaller scale eddies to be dissipated by
viscous action at the smallest scales (Pope, 2000).
This cascade process is responsible for variations in
temperature and density, which leads to refractive index
variations. A laser beam will thus be significantly
degraded as it travels through these turbulent layers with
fluctuating refractive indices. The effects of turbulence
on the propagation of a laser beam from the earth to the
moon and back again may be found by determining the
vertical distribution of turbulence (Trinquet et al., 2006).
This vertical distribution of turbulence, also known as
the profile of the refractive index structure constant,
Cy’, may be obtained by making use of statistical
parameters from the Kolmogorov model of turbulence
(Kolomogorov 1941), as developed by Tatarski (Tatarski
1961), and the Gladstone relation (Bean and Dutton,
1966):

P(h)
T*(h)

2
C,}(h)= (80x1o* J C,2(h) D

The profile of turbulence strength as a function of
altitude, Cy(h), where b is the height above the
telescope, may thus be obtained by measurement of
the atmosphere’s temperature profile, C7(h), as well as
meteorological parameters: pressure P [hPa] and
absolute temperature, 7'[K].

The integrated value of the refractive index structure
constant, Cy, allows for predicting atmospheric optical
quality in terms of astronomical seeing (Abahamid
2004).

Astronomical seeing
The theoretical resolution limit of a telescope is given by
the Rayleigh criterion:

o-122% 2
D

where 0 is the angular resolution, A the wavelength of
incoming light and D the telescope aperture (Argyle,
2004). A telescope’s effective theoretical angular
resolution is furthermore also limited by atmospheric
seeing conditions. Seeing can therefore be determined
by measuring the smallest resolvable angular resolution
of an object outside of Earth’s atmosphere.

Astronomers quantify the quality of optical seeing
conditions at a particular site with a parameter they refer
to as the “seeing”. Seeing, €swuy, is described in terms of
the full width at half maximum (FWHM) of a star’s
intensity distribution at the focus of a telescope. Seeing
is related to a statistical parameter provided by the
Kolmogorov model of turbulence (Kolmogorov, 1941),
as developed by Fried (Fried, 1965 and 1966), called the
Fried parameter, 7

E s =0.98 2 3)

"

where A is the wavelength of observation. The Fried
parameter also provides a measure of image degradation
due to atmospheric turbulence. A larger 7, results in a
smaller €.y, indicating better seeing. At the best
sites, 7, is ~20 cm. The Fried parameter indicates
the diffraction-limited aperture, #, that will produce the
same angular resolution as in the seeing-limited case
(Quirrenbach, 2000).

The profile of turbulence strength as a function of
altitude, also known as the index of refraction structure
parameter, Cy(h), is related to the seeing through this
Fried parameter:

-3
2« =

27 5 3
r = [0.423 [7] Och (h)dh] 4

where the turbulence strength Ci(h) varies as a function
of height bh above the telescope (Roddier, 1981).
The expression for seeing thus becomes (Vernin and
Munoz-Tuiién, 1992):
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From Equation (5), the inclusion of a turbulence-
resolving model to obtain Cy profiles for a specific site,
allows one to estimate seeing at the site.

Turbulence-resolving model

Atmospheric turbulence may be
numerical modelling, such as with the Large Eddy
Simulation NERSC (Nansen Environmental and Remote
Sensing Centre) Improved Code (LESNIC), which is a
turbulence-resolving simulation code (Esau, 2004).
LESNIC is based on the Kolmogorov model of
turbulence, a statistical analysis of turbulence
(Kolmogorov, 1941 and Tatarski, 1961). With LESNIC,
the PBL’s dynamics, thermodynamics and interaction
with the underlying surface are described by a set of
differential equations and appropriate boundary
conditions from fluid mechanics. Local unstable air
masses (eddies) are either resolved or modelled. Large-
scale eddies are resolved through solving partial
differential equations governing turbulent fluid flow,
the Navier-Stokes equations. Small-scale eddies dissipate
the energy through viscous interactions. They cannot be
resolved explicitly and are filtered out numerically.
Being more isotropic than the larger scale eddies, these
small-scale eddies’ influence on the flow are
parameterised and may be modelled with a universal
subgrid-scale model (Stull, 1988 and Garratt, 1995).

The large-scale eddy simulation code LESNIC
developed at G.C. Rieber (Climate Institute at the
Nansen Environmental and Remote Sensing Center
(Esau, 2004)) has been used to compile a database of
turbulence-resolving simulations, referred to as
DATABASEG4. The code numerically solves Navier-
Stokes equations of motions for an incompressible
Boussinesq fluid with small density differences, as well
as the transport equations for the potential temperature
and passive scalars. This database consists of
a collection of LESNIC runs for an SBL over a
homogeneous aerodynamically rough surface. The runs
simulate a period of 16 hours of PBL turbulence.
These runs produce three-dimensional fields of
fluctuations of the potential temperature as well as three
Cartesian components of the wind velocity, #, v and w.
Turbulence statistics and horizontally time-averaged
profiles of required quantities are obtained by further
processing of the above mentioned fluctuations (Esau,
2004). Results from DATABASEG4 for the nocturnal
boundary layer are employed to render profiles of the
vertical distribution of optical turbulence (Cy profiles)
and to obtain seeing parameter values.

simulated with

Results and discussion
LESNIC runs from DATABASEG4 for a stably stratified
planetary boundary layer (SBL) over a homogeneous
aerodynamically rough surface were used to obtain
vertical profiles of Cy as well as the Fried parameter,
7y, and seeing, €.

Profiles of Cy were obtained by making use of the
Gladstone relation, Equation (1). The C7 parameter was

determined from rates of temperature variance
dissipation, &y, and turbulence kinetic energy dissipation,

g,% , in accordance with (André et al., 1978):

C: =166, ©

where ¢,, & A , Pand T'were provided by DATABASEG4
for the specific run.

The Fried parameter, 7,
Equation (4) by integrating C,’ with respect to zenith.
The seeing, €y, follows from Equation (5).

The simulation produced the profile in Figure 1 and
a seeing parameter value of 7, = 5 cm and €y = 2.17.

was obtained from
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0 0 0‘.5 110 1‘.5 2‘.0 2‘.5 3‘.0 35 4‘.0
C2[x10™*m™?]

Figure 1. Simulated Cy profile obtained from one of the LESNIC
runs from DATABASEG4.

The Cy profile and seeing parameter values obtained
from DATABASEG4 were then compared with
observational results from the literature.

Figure 2 shows shows the profile observed for the
first 80 m above ground at Dome C in Antarctica during
the winter of 2005. Dome C is located at latitude 74.5°S
on top of a local maximum of the Antarctic plateau, 3250
m above mean ice level. Data was obtained by balloon
radio sounding observations (Aristidi et al., 2009).

80

z [m]

C2[x10™°m™*]

Figure 2. Observed Cy profile obtained from observations by
balloon radio sounding (Aristidi et al., 2009).
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This profile was one of 32 profiles obtained during
an astronomical site testing campaign at Dome C in the
austral winter (polar night — June 21 to September 21,
2005). The Antarctic plateau is essentially free of
topographic features. Flights of meteorological balloons,
equipped with microthermal sensors to measure thermal
fluctuations (mK), were used to determine the vertical
profile of the optical turbulence intensity, Cy, from the
ground up to 20 km.

The balloon transmits the value of the refractive
index structure constant every 1 to 2 seconds, which
corresponds to a vertical resolution of 5 to 10 m.
Meteorological — parameters such as  pressure,
temperature, humidity and wind speed components
were also provided by the soundings. The specific
profile was obtained during flight number 563, launched
on the 2nd of September 2005

(Aristidi et al., 2009 and Trinquet et al., 2008). Seeing
results for two elevations (8 m and 33 m) retrieved from
balloon Cy profiles (Trinquet et al., 2008):

Spvem = 1.9”7 and 7, = 5 cm (8 m)
rvem = 0.9 and 7 = 11 cm (33 m)

The quantitative shapes of the simulated and
observed profiles correlate well. Seeing parameter
values obtained from the model are in close agreement
with observed values.

Conclusions and Recommendations

Seeing is one of the important characteristics in
determining whether a site is suitable for a space
geodetic station, as the seeing conditions determine the
quality and quantity of data. In-situ methods of
determining astronomical seeing are difficult, time-
consuming and costly in terms of equipment.
The LESNIC model seems capable of reproducing
observed Cy profiles and delivering seeing parameter
values consistent with values measured during field
campaigns. By making use of site-specific data for initial
and boundary conditions as well as for topographic
features and surface roughness, a turbulence-resolving
model such as LESNIC may potentially be used to
deliver and predict Cy profiles, which can then be used
to determine astronomical seeing conditions as part of
site characterisation.

Optical seeing atmospheric
turbulence can be connected by combining methods
from astronomical seeing and boundary layer
meteorology. Optical seeing conditions may be
determined by implementation of an automated seeing
monitor on-site. Modelled results (with meteorological
conditions as input) can then be compared with
quantitative seeing measurements to determine whether
a good correlation exists between the LESNIC model’s
predicted results and actual seeing quality at a site.
It will allow for determining the relationship between
seeing quality and meteorological conditions which may
then be employed in seeing forecasts.

conditions and
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