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ABSTRACT

In recent years, forecast of optical turbulence has been developed for astronomical sites. It enables flexible
scheduling of observations during the night, and improves the control of adaptive optics systems. Nowadays,
there is also a need for optical turbulence forecast during daytime at locations considered for future satellite-to-
ground optical communications, for example in cities. In this work, a numerical approach to forecast refractive
index structure parameter (C?2) profiles for optical communication sites is presented. It relies on the Weather
Research and Forecasting software, with the boundary layer considered separately. Indeed, it is shown that
during daytime and at non-astronomical sites, the boundary layer has a great impact on seeing conditions. This
motivates the use of hybrid C?2 profiles, separating the free atmosphere from the surface layer. This approach
is applied to Tenerife, Spain, where the European Space Agency has already built an optical ground station.
Measurements of integrated parameters (seeing) are available at this location, and are compared with the forecast
integrated parameters. The current limitations of the model can thereby be highlighted.
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1. INTRODUCTION

The effects of atmospheric turbulence on the propagation of optical waves, referred to as optical turbulence,
have been studied at astronomical sites for several decades.! Various models of the refractive index structure
parameter C2 have been presented (e.g. Hufnagel-Valley model,?> Tatarskii models,> Trinquet-Vernin model,*
etc.), and tools enabling to forecast C2 profiles have also been developed, thanks to numerical weather prediction
(NWP) software.” 6

Furthermore, optical turbulence is also a concern for the development of future ground-to-satellite optical
communications. Its forecast at the locations of future optical ground stations (OGS) is expected to be more
challenging, for two reasons: OGS may not be located at the ideal locations of observatories,” and optical
communications will also take place during daytime, and not only during nighttime.

This paper focuses on the second challenge, i.e., the forecast of optical turbulence during daytime. This
effect has rarely been studied at astronomical sites, except for solar observatories.®>° Daytime turbulence is
increased in the boundary layer, namely due to convection from solar heating of the ground.? In order to
accurately describe this boundary layer, models based on the turbulent kinetic energy (TKE) have been explored.”
Alternatively, hybrid C? profile models have been suggested in the literature, that consider the boundary layer
and the free atmosphere differently.!”!* The boundary layer C2 models involve the ground C? value, often
obtained empirically,'*!? or thanks to Monin-Obukhov similarity theory.'* 15

The OGS location considered in this work is actually an astronomical site, being the Teide Observatory
at Tenerife, Spain, where an ESA optical ground station has been deployed. Seeing measurements have been
collected during daytime at this location, and are used to validate optical turbulence prediction models. Section 2
presents the NWP software parameterisation, as well as the chosen C2 models. Then, Section 3 compares seeing
forecasts from the C2 models with the measurements.



2. FORECAST OF OPTICAL TURBULENCE QUANTITIES

Relying on NWP simulations, one can forecast meteorological quantities in the future, above a location of
interest. Similarly, such simulations can be used to enhance the spatial and temporal resolutions of past recorded
meteorological data.” In this work, the second approach is chosen: ERA5 reanalysis data from ECMWF'6 are
used to initialize Weather Research and Forecasting!” (WRF) simulations above Tenerife, for the month of July
2021. Then, from the forecast meteorological quantities, C2 profiles are obtained.

2.1 NWP simulations

The conducted NWP simulations are centered on the ESA optical ground station at Teide Observatory, Tenerife,
Spain (latitude 28°18'03”N, longitude 16°30'43”W, altitude 2400 m). Three nested domains, detailed in Table 1,
enable to reach a horizontal resolution of 1 km, while 80 levels are used vertically. Those levels are distributed
between the ground and the top pressure of the atmosphere, set to 5000 Pa, with smaller level spacing close to
the ground. For each day, simulations are started at 18h00 the day before, ensuring a lead time of 6 hours. Then,
outputs are saved every 5 minutes above the location of interest, for the full day (i.e., from 00h00 to 00h00 the
next day).

Table 1: Grid parameters from WRF simulations.
Grid resolution Number of Domain size Number of

Domain (km) grid points (km) vertical levels
do1 9 112x112  1008x1008 80
do2 3 112x112 336 %336 80
do3 1 112x112 112x112 80

WRF configuration makes use of the following physical schemes: WSM6'® for microphysics, Tiedtke!? for
cumulus physics (only in domain d01), Dudhia?® and RRTM?! for shortwave and longwave radiations, revised
MM522 for the surface layer, and MYNN 2.523 for planetary boundary layer physics.

2.2 C? models

Two different parametric models of C2 are considered. The first one relies on the TKE, that is directly retrieved
in WRF outputs. The second model makes use of the Tatarskii expression, completed by a boundary layer model.

TKE model The chosen TKE model comes from Ref. 5, and has been extensively used for astronomical
applications, namely with Astro-Meso-Nh.?24 Its implementation with WRF is detailed in Ref. 7. Thanks to
the dependency of the model with the TKE, it is expected to provide a description of optical turbulence in the
boundary layer, close to the ground.

Tatarskii-based model This second model relies on Tatarskii equation,?
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In this expression, T is the temperature [K], p is the pressure [hPal, 6 is the potential temperature [K], n is the
refractive index, and z is the altitude [m]. Regarding the outer scale Ly, the HMNSP99 model is used?” 2

0.362 + 16.728 S — 192.347 ‘Z\—Z in the troposphere,

3
0.757 + 13.819.5 — 57.784 %—Z in the stratosphere. ®)

LY =0.1%% x 10Y with ¥ = {



—— TKE model
16 1 —— Tatarskii model 3.5
14 1
E E 3.0
= =]
ERe E
5 g 2.5 1
5 10 ] &b
2 v 20
2 g 8
o m
Y g 157
E 671 2
= = 104
< < 10
2 0.5
0 . : : . 0.0 : : : : :
0¥ 107 1077 107 1075 107 10713 107 1078 1077 107 10755 107 10713
CZ [m~2/9] CZ[m~2/9]

Figure 1: Modelled C2 profiles at Tenerife for July 15, 2021, at 12h00 UTC.

This model is empirical, based on measurements in New Mexico, USA. S is the vertical shear of the horizontal
wind velocity, and the tropopause height, i.e., the limit between the troposphere and the stratosphere, is set at
14 km of altitude above ground. The quantities involved in Eqgs. (2) and (3) are functions of the altitude z, such
that a vertical C2(z) profile is obtained.

The Tatarskii-based model from Eq. (1) has been found to underestimate C? in the boundary layer. Hence,
it is complemented by a boundary layer C2 model, derived from the Monin-Obukhov similarity theory.!*2% The
implementation of this model in WRF has been presented in Ref. 30. It offers an estimation of C2 in the ground
layer from the sensible heat flux, the latent heat flux, the friction velocity u*, and the 2-meter temperature. All
those parameters are available in WRF simulation outputs such that, from the equations in Refs. 14 and 30, C?

at two meters above ground (z = 2 m) is computed, denoted Cﬁ,gr.

From this ground C? value, a C2(z) profile is computed up to the height of the planetary boundary layer
hpr, using a decrease rate of z=%/3. This corresponds to the daytime trend of C? profiles in the atmospheric
boundary layer dominated by convection.? The height of the boundary layer is a WRF state variable, provided
in WRF output files.

Finally, continuity between the boundary layer C? profile and the Tatarskii-based model in the free atmo-
sphere is ensured thanks to a linear interpolation, from hgy, up to hpr, + Ah. As a result, the C2(2) profile is
given by

Cgugr (%) for z < hgy,
0721(2') = C’igr (}‘%)74/3 M‘%%h*z + Cpat(2) Z*Ah;f‘L for hgr, < z < hpy, + Ah, (4)
Ch at(2) for z > hpr + Ah.

The TKE and Tatarskii-based C2 models are illustrated in Figure 1 for July 15, 2021, at 12h00 UTC. The
right part of the figure focuses on the boundary layer (with Ay, = 850 m at this particular time), and highlights
(with the dots and dash line) the interpolation between the Tatarskii profile (top) and the boundary layer profile
(bottom). A distance Ah = 0.5 hpy, has been chosen.



3. COMPARISON WITH SEEING MEASUREMENTS AT TENERIFE

Measurements of seeing have been collected by a Miratlas’ Sky Monitor* installed at Teide Observatory, next to
the ESA optical ground station. From the simulated meteorological quantities given by WRF, C? profiles are
computed every 5 minutes, and integrated to obtain the seeing €, according to
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where hy is the altitude of the first WRF level, £ = 0° is the elevation angle measured from zenith, and A = 500 nm
is the wavelength.

Measured and predicted seeing for the month of July 2021 are given in Figure 2. Seeing measurements are
collected every minute, before being grouped in bins of 5 minutes. The mean of each bin is depicted in blue, while
the area shaded in blue corresponds to the mean plus (minus) the standard deviation. Data is only available
during the day, and nights correspond to the areas in gray. The label of the day is set at 00h00 UTC for the day.
Some days with seeing measurements larger than 3 arcsec have been discarded, as they have been associated to
cloudy days.

In Figure 2, one can notice that the magnitudes of the estimated seeing from the TKE and the Tatarskii-
based models are in agreement with the measurements for most of the days (except for some predictions from
the TKE model during the last ten days of July 2021). Moreover, the daytime variation, i.e., the increase of
the seeing from sunrise to approximately noon and then its decrease up to the sunset, is also modelled. The
correlation plots between the measurements and the predicted values (from Figure 2, hence every 5 minutes)
are given in Figure 3. In these plots, the overestimation of the seeing from the TKE model for some days is
noticeable. A correlation coefficient of 0.56 is obtained for the TKE model, while a value of 0.53 is reached for
the Tatarskii-based model. A root-mean-square error (RMSE) of 0.80 arcsec (resp. 0.43 arcsec) is computed with
the TKE model (resp. Tatarskii-based model).

Finally, distributions of measured/modelled seeing are presented in Figure 4, along with the cumulative
density function (CDF) in Figure 4d. The mean of the distribution p is given in the legend, as well as the
standard deviation o¢. The mean is also depicted in black on the histograms, while the median is in cyan.
Measurements tend to be symmetric around the mean of their distribution, while the predictions are skewed
towards lower seeing values. Large seeing values are also obtained with the TKE model. As a result, the
cumulative density distributions of the predicted seeing do not exactly follow the one of the measurements.

4. CONCLUSION

In order to forecast seeing during daytime, an accurate description of the C2 profile in the boundary layer is
required. In this work, it is achieved either using a C2 model directly based on the turbulent kinetic energy,
or from a Tatarskii-based model complemented with a boundary layer profile inspired from Monin-Obukhov
similarity theory.

Those two models can depict daytime variations of optical turbulence, and compare well with seeing mea-
surements at Tenerife. However, their correlations with measurements can still be improved, and the predicted
distributions do not perfectly match the distribution of the measurements.

Possible limitations of the presented approach are associated to the accuracy of the prediction of NWP
simulations, and to the difficulty of modelling short-term phenomena. Hence, alternative approaches, such as
autoregressive models,®' can be considered for modelling of short-term seeing variations, by combining NWP
results with real-time measurements.

*https://www.miratlas.com/
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Figure 2: Seeing measurements and predictions for the month of July 2021, at Tenerife.
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Figure 3: Correlation plots between seeing measurements and their predictions.
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Figure 4: Distributions of measured and modelled seeing.
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