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INTRODUCTION

The knowledge of the parameters that are affecting AO performances for Paranal has greatly improved in the last few years thanks to a suit of available atmosphere monitoring systems and logging of parameters from AO systems during their operation. An important effort has been made to gather all these different data to deliver a set of parameters linked to the atmosphere to be used as baseline for the simulations and performances analysis of AO-assisted instruments, intended for Paranal projects. Careful cross-checks have also been carried on verifying the consistency of the different measurements. The systems available at Paranal, whose data have been used the analysis presented here, are first introduced to set the applicability and possible limitations of the results. A description of the data origin, processing and parameters selection is given to provide a clear view of the choices made for the atmosphere parameters selection. The study of the Na layer column abundance and of its variations on short, mid and long timescales is also presented for the specific case of LGS AO.

THE PARANAL SUIT OF ATMOSPHERE MONITORS

Five different systems are (were) available at Paranal to monitor the atmosphere parameters: Multi-Aperture Scintillation Sensor and Differential Image Motion Monitor (MASS-DIMM, [START_REF] Kronilkov | Combined MASS-DIMM instruments for atmospheric turbulence studies[END_REF]), Adaptive Optics Facility Profiler (AOFP, [START_REF] Cortes | Atmospheric turbulence profiling using multiple laser star wavefront sensors[END_REF] [START_REF] Guesalaga | An on-line turbulence profiler for the AOF: on-sky results[END_REF]), Standard Platform for Adaptive optics Real Time Applications (SPARTA) monitor (LGS-WFS, [START_REF] Andrade | Estimation of atmospheric turbulence parameters from Shack-Hartmann wavefront sensor measurements[END_REF]), Stereo-SCIntillation Detection And Ranging (STSC, [START_REF] Sheperd | Stereo-SCIDAR: optical turbulence profiling with high sensitivity using a modified SCIDAR instrument[END_REF]), SLOpes Detection and Ranging (SLODAR, [START_REF] Wilson | SLODAR: measuring optical turbulence altitude with a Shack-Hartmann wavefront sensor[END_REF]). They all give access to different sets of parameters, have different recording frequencies, and have been in set in operation at different times. They are thus complementary to give a complete overview of the atmosphere, but at the same require careful verifications crossing their values.

Figure 1 shows a 3D view of the Paranal platform with the physical location of the different systems used to probe the atmosphere. Their geographical position on the platform and their altitude above the ground are of importance for the atmosphere they sense. 

The systems and their measurements

The MASS method is based on the analysis of the differential scintillation between sub-apertures in the telescope pupil. The DIMM uses the variance of the differential tilts between two circular apertures in the pupil. The two instruments are combined to overcome the MASS low sensitivity at low altitude by using the data and ground layer wind speed from the DIMM. It is installed on a dedicated tower on the North-East side of the Paranal platform, at 8 m from the ground, and has been available since April 2016, providing 1 measurement every 1.5 min, every night, with continuous measurements. The parameters available are: Cn 2 (h) (7 layers at fixed altitudes, [0, 0.5, 1, 2, 4, 8, 16] km), Cn 2 -weighted characteristic altitude of the turbulence, Cn 2 -weighted characteristic velocity of the turbulence, Seeing, Fried parameter r0, Isoplanatic angle q0, Coherence time t0.

The AOF Profiler is implemented in SPARTA, the RTC of both GALACSI and GRAAL AO systems of the AOF. The method is based on 2D cross-correlations of the pseudo-open loop slopes from their four LGS wavefront sensors (WFS). It is installed on UT4 (GALACSI, GRAAL), measuring from 11.5 m above ground (altitude of UT4 M1) and including the optical path of M1 to M2. This profiler has the advantage of measuring the turbulence that the AO instruments on UT4 see. But then of course, this is valid only fully for UT4, as the other telescopes are subject to different local ground turbulence linked to their position on the Paranal site. Measurements are available since 2019, when GALACSI or GRAAL are used. It provides 1 measurement every 4 min, in AO close loop. For the results presented here, only the profiles obtained in GALACSI-NFM mode have been used, as it is the only mode measuring the turbulence over its full range of altitude. The parameters available are: Cn 2 (h) (8 layers, with best fit to the turbulence profile), Seeing, Fried parameter r0, Isoplanatic angle q0, Outer-scale L0(h) (same layers and resolution as Cn 2 (h)), Total L0.

The LGS-WFS turbulence monitor uses the four Shack-Hartmann (SH) WFSs of GALACSI and GRAAL, as the AOFP. The method fits the covariance matrix of the wavefront phase decomposed on the Zernike polynomial basis with the phase fluctuations from a Von-Karman turbulence model. It is available since 2019, and results are logged automatically when GALACSI or GRAAL are used. It delivers 1 measurement every 1 min, in AO close loop. The parameters available are: Seeing, Fried parameter r0, Total L0.

The Stereo-SCIDAR is a scintillation-based turbulence profiler. The method is based on triangulation using crosscorrelation between the spatial intensity pattern from two stars. It is a generalized SCIDAR, meaning that the analysis plane is conjugated below the telescope pupil to allow detecting the turbulence at the ground. It is installed on the auxiliary telescope number 3 (AT3), measuring from 3.9 m above ground (height of AT3 M1). It is available since 2016, and for about 5-6 nights per month on average, but with some periods with lack of coverage. It delivers 1 measurement every 2.5 min. The parameters available are: Cn 2 (h) (100 layers, with a resolution of 250 m (0 to 25 km)), Seeing, Fried parameter r0, Isoplanatic angle q0, Coherence time t0, Wind speed(h) and wind direction(h) (same resolution as Cn 2 (h)).

The SLODAR is an optical crossed-beams method for turbulence ranging, based on the SH-WFS, developed by Durham University and ESO. The instrument is optimised to measure the vertical profile of the surface layer of turbulence, in the first 100m above the site. It is installed at ground level on the Paranal platform. Logged data are available since April 2016 in the ESO system. It delivers 1 measurement every 2.5 min, in mostly continuous way. The parameters available are: Cn 2 (h) (8 layers, first 100m above ground), Unresolved Cn 2 , Seeing.

Measurements time coverage

As shown in the previous section, many systems are or were available at Paranal to monitor the atmosphere, but the coverages of nights they provide are very different. This aspect is important in the analysis of the parameters each system is providing as a too discrete coverage of nights might results in statistical bias, if not sampling enough the possible seasonal or yearly variations for example.

Figure 2 shows the time coverage for the five systems, with the number of available measurements for each night. The numbers of measurements for a single night also varies a lot from one system to another, mainly linked to their different operation scheme, but in most cases, when a system is available during a night, enough measurements can be gathered to provide statistics for that night, if of course that these measurements are also well spread over a good fraction of the night. If nights with measurements are too discrete in time, separated by long time without measurements, there is a risk that a statistical bias is introduced. All systems show a big gap in 2020, due to the closing of Paranal during the COVID19 pandemic. The other important gaps in the MASS-DIMM data (mid-2017 and end-2019) are due to technical issues. The STSC are only taken on an irregular basis as mentioned before. The AOFP data are also irregular as the data were not automatically saved in the original implementation, relying thus on manual saving. This has been modified now with an automatic saving and archiving of the profiles, which should lead now to a coverage like the one of the LGS-WFS monitor. The SLODAR operation has been stopped after April 2020. 

ATMOPSHERE TURBULENCE

Atmosphere parameters

Figure 3 presents the median and standard deviation (as error bars) of the atmosphere parameters: Fried parameter, isoplanatic angle, outer-scale and coherence time, when available in each system. The values have been computed per quarter for each year from 2016 to 2022, allowing to look for potential seasonal variations.

From this analysis, the following can be derived:

1. The median values of all the atmosphere parameters are stable over the period presented here. No trend towards an increase or decrease, that could be coming from site conditions or climate change, can be concluded for any of the values. 2. For all parameters, one can clearly see differences between the statistics provided by each systems. One has of course to be careful that these differences are not due to instrumental effects and time has been spent on some of these systems to verify their results. Differences could also come from the different computations methods and possible assumptions made. 3. The physical position of the systems also plays a role in the measurements. The Fried parameter, being provided by all the systems, is a good parameter for a first level comparison between their results. One can there separate the systems in three groups with similar positionings: a. MASS-DIMM and STSC: both systems are located close to the ground, not too close to the edges of the Paranal platform, and mostly without effect from a telescope dome. b. AOFP and LGS-WFS: even if using different methods to estimate the atmosphere, they both use the metrology data coming from the AOF and are measuring from the higher height of the UT4 M1 and seeing the possible shielding of the dome. They tend to see less the lowest turbulence and give thus globally higher values of r0 (this is a known effect for all UTs compared to the MASS-DIMM). c. SLODAR: it is located on a not favourable position on the platform, close to the edge on the North side (which corresponding to the direction from where the wind is blowing most of the time at ground level), i.e., affected by local effects. 4. A seasonal variations can be seen with some improvement of the atmosphere parameters (higher median r0 and isoplanatic angle) during the first quarter of the years (summertime in Chile). 5. The L0 values show a good match between AOFP and SPARTA monitor (except first AOFP point but only two measurements were available for 2019 Q1).

A careful comparison of the different systems has been conducted ( [START_REF] Haguenauer | Comparison of atmosphere profilers at Paranal and atmosphere parameters statistics: AOFprofiler, Stereo-SCIDAR, MASS-DIMM. LGS-WFS[END_REF]), based on measurements simultaneous in time, to verify that their measurements provide similar statistics and verify if they are correlated in time.

From all these statistics and analysis, we concluded to use the following measurements to define the parameters to be used for AO simulations:

1. MASS-DIMM measurements for statistics of seeing, isoplanatic angle, and Fried parameter, this system is presenting a very good coverage in terms of time over the period and number of measurements per night, allowing to avoid biases. It also represents a good median between the values obtained on all the systems. 2. Stereo-SCIDAR for the Cn 2 profiles, and coherence time, as it has by far the best resolution of all systems for the turbulence profiles. 3. AOFP and LGS-WFS for the outer-scale as they are the only two systems providing this parameter.

Table 1 presents the derived statistics of the atmosphere parameters, for the median and percentiles 10%, 25%, 75%, and 90%. 

Cn 2 profiles

The STSC provides the Cn 2 (h), reported at zenith, from 0 to 25 km with a resolution of 250m, giving thus a very good sampling of the turbulence vs altitude. Around 20.000 profiles spread over 167 nights have been collected during the period 2016-2021. These profiles are available for the development of instruments for ESO to perform statistical analysis of performances and robustness checks during the AO simulations. The analysis of the Stereo-SCIDAR data can be found in ( [START_REF] Butterley | Correciton of finite spatial and temporal sampling effects in stereo-SCIDAR[END_REF]).

Figure 4 shows the Cn 2 (h)dh values vs altitude for all the Stereo-SCIDAR profiles, which are presented here all side by side instead of vs time for a better visualisation.

Figure 5 shows the mean height vs seeing for all the profiles, with a median value of 4.48 km. This shows that the variability of the Cn 2 is larger for the ground layer than for the free atmosphere. The mean height is defined as: This important database of profiles already serves as basis for AO simulations for future ESO instruments. To be able to evaluate and compare the AO performances during the evolution of the instruments design, an effort has been made in defining and selecting a small set of reference Cn 2 (h) profiles that are representative of the atmosphere statistics and for which a complete evaluation of performances shall be performed. A method has been proposed by G. Agapito in the scope of the MAORY/MORFEO instrument. A similar approach has been used here. Figure 6 illustrates the selection process, using the distribution of isoplanatic angle vs seeing:
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• The pairs [seeing, q0] from Table 1, corresponding to the median and percentiles 10, 25, 75, and 90 from the MASS-DIMM data have been selected. Small seeing values are generally associated to large q0 values, and large seeing values to small q0 values. The Cn 2 vs altitude for these five reference profiles are presented on Figure 7. The altitudes have been split into two ranges for a better view of the values at the higher altitudes (beware of the factor 10 on the y-scale between the two sides). 

Ground layer fraction

The ground layer fraction (the part of the total turbulence that is below 500 m from the ground here) determines for example when GLAO system brings corrections or allows defining the correction range of DMs conjugated to the ground. The high resolution in altitude of the STSC allows a precise knowledge of this parameter. 

Wind

The STSC also provides a measurement of the wind speed and direction vs the altitude. Figure 9 presents the wind statistics measured for the period 2016-2021. The left plot shows the distribution of the wind speed vs altitude, and the right one the distribution of direction vs altitude. The line on the left plot presents the median value vs altitudes. The measurement at ground level is well correlated with the ones from the meteorological station at Paranal (measured at only 3m and 10m), with a median around 6m/s and a direction mainly from the North. The wind speed distribution shows an increase when going up with a peak around 10km, before going down again. The distribution of directions shows a shift from North to West, being mainly from the West above about 3km. 

LGS AND SODIUM LAYER

Spot size

The LGS spot size has been measured on sky during the commissioning of the 4LGSF system. This measurement was done without AO system, using the UT4 guider to estimate the spot size and comparing it to a NGS image to evaluate the FWHM linked to the atmosphere turbulence. Measurements were made at different telescope altitudes (not showing significant dependence). The results presented here are only valid for the LGS units and launch telescopes of the 4LGSF systems installed on UT4 as part of the AOF. The LGS spot size is dependent of the seeing but also on the laser launch design (diameter of the launch telescope for example). A full end to end model has been done for the 4LGSF system, considering the 30 cm diameter launch telescope, including the uplink and downlink (with cone effect), propagation, resulting in a good match with the values measured on-sky. With the design of the 4LGSF launch system, the following shall be considered for the LGS spot size, measured for the full 8m aperture and with the LGS in the center of the field:

• With 0.6 arcsec seeing NGS FWHM along the line of sight, the short axis of the LGS is ≤ 1 arcsec FWHM at ALT 60˚, • With 1.0 arcsec seeing NGS FWHM along the line of sight, the short axis of the LGS is ≤ 1.35 arcsec FWHM at ALT 60˚.

Figure 10 shows the small and long axis FWHM of the LGS vs the NGS FWHM, both measured on the UT4 guider, all measured for a telescope ALT close to 60º. The second parameter affecting the LGS flux return is the Na column abundance, which varies with time, on both longand short-time scales ( [START_REF] Haguenauer | A brief history of flux, or the ups and downs of the Na layer density[END_REF]). To check for the effect of this parameter, the Matlab model was used to compute the Na column abundance in atoms/m 2 from the return flux measured on GALACSI, i.e., removing the effect of the pointing direction. Figure 12 shows the statistics of the Na column abundance per month. The "violin" representation shows the distribution of the Na column abundance from all the measurements of each month. The median value is shown as a red dot. The months when too few measurements were obtained to be statistically relevant have been marked with a 0. 

Na layer morphology and variations

The previous section focused more on long-term variations, seasonal and yearly, of the Na layer density. This section will focus on the short-term variations and on morphology.

The morphology and temporal variations of the Na layer has been studied with different methods and reported for different sites: high-resolution LIDAR at LZT near Vancouver (CAN, [START_REF] Pfrommer | High resolution mesospheric sodium properties for adaptive optics applications[END_REF]), observation of LGS plume at the Teide Observatory (Canary Island, [START_REF] Castro-Almazán | Na LGS height profiles at Teide Observatory[END_REF]), observation of LGS plume at Cerro Tololo and Cerro Pachón (CHL, [START_REF] Neichel | Characterization of the sodium layer at Cerro Pachón, and impact on laser guide star performance[END_REF]). No measurements of this type exist for Paranal, but the results reported by the three above experiments are similar and one can thus consider that the data they provide are also valid in AO simulations for Paranal. The following parameters describe the general structure of the Na layer, with all altitude given above sea level: To evaluate the Na column abundance night-scale variations in the GALACSI measurements, for each of the 600 nights for which measurements were available, the median peak-to-peak variations of the Na abundance has been computed for moving windows of 60 min, 30 min, and 15 min. Table 2 presents the median, standard deviation, and percentiles 10, 25, 75 and 90, of these relative variations. Figure 13 shows the relative variations of the Na column abundance vs the night hours (UT time). For each single night, each computed Na column abundance has been normalised by the median of that night to focus on the variations. This shows that important variations are happening at the level of the night. 

Na column abundance relative variations Peak-topeak

Median

CONCLUSIONS

The Paranal Observatory benefits from a very good suit of atmosphere monitors and logging of parameters measured by different AO systems during their operation. This has proven to be very useful for the understanding and follow-up of the AO performances, but also to build a database of these parameters with knowledge on their evolution and statistics at different timescales. A careful cross-comparison of the measurements have been performed to validate the data, checking for possible biases linked to specific instrument designs, data processing, physical location, and local effects. A complete set of parameters for AO simulations could be derived from this on-site knowledge of the atmosphere. A particular care has been put on the definition of the parameters to both ensure a good statistical representation and avoid overloading the simulation work, leading to a good evaluation of performances and ease of comparison. These important datasets are available for statistical analysis of the performances and verification of the robustness of the AO systems to atmosphere conditions.
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 1 Figure 1. Location on the Paranal platform of the different atmosphere monitoring systems.
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 2 Figure 2. Range of dates and number of measurements for the different systems.
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 3 Figure 3. Atmosphere parameters quarterly statistics for all Paranal systems.
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 4 Figure 4. Cn2(h)dh vs altitude for all the STSC profiles, without consideration of the recording date.

Figure 5 .

 5 Figure 5. Mean height vs seeing for all the STSC profiles.
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  The closest [seeing, q0] pairs from the Stereo-SCIDAR measurements have been computed.• The corresponding Stereo-SCIDAR profiles for these five reference points are then chosen, represented in green on the figure.
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 6 Figure 6. STSC reference profiles selection.
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 7 Figure 7. Cn 2 (h).dh for the five reference profiles.
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 8 Figure 8. Ground layer fraction, £ 500m, in the STSC profiles, for individual profiles (left) and histogram distribution (right).
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 9 Figure 9. Statistics of wind speed and direction vs altitude, measured by the STSC.

Figure 10 .

 10 Figure 10. Short exposure FWHM of LGS vs NGS measured on Ut4 guider, for the small and long axes of the LGS.4.2 LGS return flux and Na column abundanceDuring on-sky operation of GALACSI, the fluxes of all four WFSs are logged regularly. All available data since July 2017 have been processed to derive the statistics of returned flux, converted first to photons per second and per m 2 at M1 entrance.The first parameter impacting the flux return is the pointing direction of the telescope at the time of the observation. Figure 11 (left) shows the sky plot of the simulated LGS flux return for a seeing of 0.8" and a sodium abundance of 4x10 13 atoms/m 2 , computed using a Matlab model provided by Ronald Holzlöhner ([9]), representing a multidimensional fit function based on the LGSBloch model and valid for a ~20W class laser in Paranal (and only under these conditions). It is showing the high variability of the return flux versus the pointing direction.Figure 11 (right) gives cuts along the North, South, and East/West directions. Please note that these values do not consider the variation of the atmosphere transmission vs the telescope pointing ALT at the laser wavelength of 589 nm.
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 11 Figure 11. Theoretical LGS flux return sky plot for a seeing of 0.8", normalized.

Figure 12 .

 12 Figure 12. Statistics of Na column abundance per month.

Figure 13 .

 13 Figure 13. Na column abundance relative variations during the nights.

Table 1 .

 1 Statistics of atmosphere parameters.

	Percentile	10	25	50	75	90
	Seeing ["]	0.52	0.62	0.76	0.97	1.26
	q0 ["]	3.01	2.48	1.96	1.52	1.20
	r0 [cm]	19.6	16.4	13.3	10.4	8.02
	t0 [ms]	9.65	6.86	4.61	3.03	2.13
	L0 [m]	9.36	13.1	19.3	28.0	38.9

Mean lower edge altitude: 81.7±0.1 km. 4. Mean upper edge altitude: 104.9±0.3 km.

  

1. Mean centroid altitude: 90.8±0.1 km. 2. Altitude range: the range containing 95% of the photons has a mean value of 13.1±0.3 km, with a minimum width of 6 km a maximum one of 21 km. 3.

Table 2 .

 2 Statistics of the relative variations of the Na column abundance.

			10%	25%	75%	90%
			percentile	percentile	percentile	percentile
	60 min	0.36	0.27	0.31	0.43	0.54
	30 min	0.23	0.18	0.20	0.27	0.33
	15 min	0.14	0.11	0.12	0.16	0.20
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