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Abstract

In this article, we have modeled the astroclimatic parameters using data from the fifth reanalysis series (ERA5)
from the European Centre for Medium-Range Weather Forecasts over the period 2010–2020. These data have
been projected onto the site of the Roque de los Muchachos Observatory (ORM). The analysis covers the main
parameters influencing the quality of astronomical observation, notably the vertical profiles of temperature,
potential temperature, and optical turbulence (Cn

2), as well as the vertical wind distributions and seasonal
behaviors of atmospheric turbulence, which are treated in detail by specifying the wind speed at the 200 hPa level
(v200). Around this level, the wind at high altitude presents moderate speeds and a generally stable direction,
conditions favorable for adaptive optics. The thermal profiles show good agreement with standard atmospheric
models, with a well-defined tropopause and a stable stratosphere, as well as the integrated parameters such as
seeing (free and total), isoplanatic angle, and coherence time. The results reveal a stratified and stable atmosphere,
with turbulence predominantly concentrated in the lower troposphere. The thermal profiles show a good
agreement with standard atmospheric models, with a well-defined tropopause and a stable stratosphere. The
seasonality of the astroclimatic parameters indicates conditions particularly favorable for observation during the
winter months, with the median of free seeing, total seeing, isoplanatic angle and a coherence time as respectively
0.48, 0.72, 2″, and 6 ms. These results confirm the strong potential of ORM as a reference astronomical site,
capable of hosting high-precision observation instruments. The methodological approach employed also provides
a replicable basis for the characterization of other candidate sites for the installation of ground-based telescopes.
As a preliminary study, this work establishes a scientific basis for further on-site monitoring and detailed
characterization of the ORM site.

Key words: instrumentation: adaptive optics – atmospheric effects – Physical Data and Processes –
instrumentation: photometers

1. Introduction

In the context of modeling the astroclimatic parameters for
astronomical applications, the study “Beni Mellal isoplanatic
angle as determined by ERA5” from Mouhtafid et al. (2025)
now extends to the site of the Roque de los Muchachos
Observatory (ORM), located at °28 45 00 N and °17 53 10 W,
with an average altitude of about 2400 m. The optical
turbulence in the atmosphere plays a crucial role in how light
waves propagate, especially in adaptive optics (AO) systems.
This phenomenon leads to various disruptive effects, such as
scintillation, phase variations, beam wander, and angle-of-
arrival fluctuations (Fried et al. 1967; Ata et al. 2019; Mahalov
& McDaniel 2019). It is characterized by the refractive index
structure constant Cn

2, which mainly depends on the interac-
tions between atmospheric winds and thermal gradients at
different altitudes (Tatarski et al. 1961; Hutt 1999). There are
several methods to estimate the vertical profiles of optical

turbulence. Among the most common methods are micro-
thermometers mounted on weather balloons, which allow for
point measurements but do not guarantee continuous observa-
tion (Bi et al. 2022). Techniques based on stellar scintillation,
such as single or double star SCIDAR, allow for the
reconstruction of Cn

2 profiles as a function of altitude (Avila
et al. 1997; Vernin et al. 2009). Other devices, such as wide-
field scintillation sensors, provide estimates over multiple
layers of the atmosphere, but have shortcomings, particularly
for turbulence near the ground and the measurement of wind
speeds (Kornilov et al. 2007). Moreover, instruments such as
the Differential Image Motion Monitor (DIMM) are often used
to characterize optical turbulence (Aristidi et al. 2003;
McHugh et al. 2008; Wang et al. 2018), while wave front
sensors on astronomical telescopes allow for the reconstruction
of turbulence profiles from the observed deformations
(Scharmer & Werkhoven 2010; Wang et al. 2019). However,
these instruments can be quite complex to use, especially in

Research in Astronomy and Astrophysics, 25:125017 (15pp), 2025 December https://doi.org/10.1088/1674-4527/ae12a5
© 2025. National Astronomical Observatories, CAS and IOP Publishing Ltd. All rights, including for text and data

mining, AI training, and similar technologies, are reserved. Printed in China.

CSTR: 32081.14.RAA.ae12a5

aaaaaaa

1

https://orcid.org/0009-0007-7950-0057
mailto:tarik.mouhtafid@usms.ma
https://doi.org/10.1088/1674-4527/ae12a5
https://cstr.cn/32081.14.RAA.ae12a5
https://crossmark.crossref.org/dialog/?doi=10.1088/1674-4527/ae12a5&domain=pdf&date_stamp=2025-11-17


extreme environments. An interesting alternative is to leverage
meteorological reanalysis data coupled with turbulence
models. Today, several atmospheric reanalysis databases are
at our disposal, such as ERA5 (Xu et al. 2022), MERRA-2
(Kuo 2017), JRA-55 (Kobayashi et al. 2015), and CFSv2
(Saha et al. 2014). According to Hersbach, the ERA5 data
stand out due to their impressive spatio-temporal resolution,
with a horizontal resolution of 31 km and a vertical resolution
of 137 pressure levels (Hersbach et al. 2020). To obtain an
accurate estimate of the variations in Cn

2, several optical
turbulence models have been developed. Empirical models,
such as the Hufnagel-Valley (HV) model, rely on fitting large
sets of experimental data, which allows for an average
statistical representation of turbulence (Wu et al. 2020; Han
et al. 2021). However, due to the complexity and variability of
atmospheric turbulence, these models must take into account a
greater number of meteorological parameters. For this purpose,
models based on neural networks (Bi et al. 2022) or inspired
by Tatarski-type models (Warnock & Vanzandt 1986; Dewan
et al. 1993; Trinquet & Vernin 2006; Bi et al. 2020; Wu et al.
2021) have been developed. Each of these models has its own
strengths and limitations. To date, the HV model is the most
commonly used, especially for astronomical observation sites
located in continental areas. To adapt it to different conditions,
it is often modified to better meet the needs of practical
engineering applications (Parenti & Sasiela 1994; Cai et al.
2018; Wu et al. 2020; Han et al. 2021).
The main goal of this work is to conduct a more detailed in-

depth analysis of the vertical profiles of astroclimatic
parameters for atmospheric turbulence at the ORM site. Three
scientific objectives are presented as follows: First, the vertical
profiles of absolute temperature and wind speed and the
complete seasonal behaviors of vertical wind and the
distributions of wind speed and direction are studied at
ORM in each month from 2010 to 2020 using ERA5 data.
Moreover, the wind speed and direction data at the 200 hPa
pressure level are statistically analyzed. In particular, the
vertical profiles of 1/Ri are displayed to explore the stable and

unstable conditions of the atmosphere, indicating the possibi-
lity of triggering atmospheric turbulence in the free atmos-
phere at the ORM site. In the end, the statistical analyses of the
seasonal atmospheric turbulence ( )C hn

2 and the relevant
integrated parameters are performed, which are derived from
ERA5 data by adopting the turbulence model.

2. Brief Turbulence Parameters

The quality of images corrected by AO in large telescopes
strongly depends on atmospheric turbulence conditions. A
parameter frequently used in the analysis and modeling of the
atmosphere is the potential temperature, defined by

( )= T
hPa

P

1000
, 1

0.286

where T is the absolute temperature and P the atmospheric
pressure. The wind speed profile V(h) is a key parameter in the
triggering of turbulence by shear mechanisms. In particular,
the wind speed at a pressure level of 200 mbar has been
proposed as an indicator of the overall level of turbulence at a
given site (Sarazin & Tokovinin 2002), based on the formula
V0 = 0.4V200, where V0 is the average turbulence speed as
determined by Roddier et al. (1982)
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Additionally, along with the structure constant of the refractive
index ( )C hn

2 , the wind speed profile V(h) is a key factor in
determining how long the wave phase remains consistent
(Roddier et al. 1982)
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/

= V h C h dh0.057 . 3n0
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The same parameter can also be expressed within the
framework of AO systems as

( )=
r

V
0.31 , 40

0

0

where r0 is the Fried parameter. Another fundamental
parameter for the design and operation of AO systems is the
isoplanatic angle, defined as follows (Fried 1982; Roddier
et al. 1982)
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/

= h C h dh0, 057 . 5n0
6 5

0
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High-altitude winds play a key role in generating turbulence,
potentially reducing the isoplanatic angle θ0. The analysis of
this indicator allows for the evaluation of turbulent activity at
different altitudes, particularly in the upper layers of the
atmosphere. Moreover, the production of optical turbulence is
closely related to atmospheric instability. A key parameter
for quantifying this instability is the Richardson number

Table 1
Characteristics of the ERA5 Data Used

Type of Data Regular Grids

Horizontal coverage Global

Horizontal resolution 0°.25 × 0°.25

Vertical coverage From 1000 hPa to 1 hPa

Vertical resolution 37 pressure levels

Covered period 1959 to present

Temporal resolution Schedule
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(Tatarskii 1971)

( ) ( )=R
g

, 6i
h

V

h

2

where g is the gravitational acceleration. The calculation of the
Richardson number at different altitudes is a good indicator of
the formation and localization of optical turbulence. The wind
speed gradient ∂V/∂h is given by

( )= +
V

h

V

h

V

h
, 7x y

2 2

where the wind velocity vector’s horizontal components are
denoted by Vx and Vy. Wind shear effects can produce
turbulent interfaces between layers in laminar flow at any
altitude. This process can produce large values of the structural
constant of temperature variations CT

2 in the tropopause area
because of the strong winds connected to the atmosphere’s
general circulation, especially the jet streams.

2.1. ERA5 Data

The ERA5 data represent the fifth generation of atmo-
spheric reanalyses produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). Designed to
succeed the ERA-Interim data set, they will be made
fully available to the public, including for the period dating
back to 1950, once the processing is complete (Hersbach
et al. 2020). ERA5 relies on advanced data assimilation,
combining numerical weather prediction models and global
observations to produce a homogeneous and coherent data set
on a planetary scale. This reanalysis uses the Four-Dimen-
sional Variational Data Assimilation (4D-VAR) method,
which optimizes the combination of previous forecasts with
the most recent observations, available every 12 hr, in order
to best reconstruct the state of the atmosphere. The
ERA5 data set provides a wide range of meteorological
variables, including temperature, atmospheric pressure,
wind speed, and relative humidity. The specific character-
istics of the ERA5 data used in this study are presented in the
Table 1.
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Figure 1. Median vertical profiles of wind speed at the ORM site for each month between 2010 and 2020. The dashed lines are used to indicate the first and third
quartiles.
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3. Results and Discussion

3.1. Wind Speed Profile

Assessing atmospheric stability and the prospective perfor-
mance of astronomical observation systems, especially those that
use AO, requires a thorough analysis of the vertical wind
dynamics, which forms the basis of the ORM's aerological
characterization. For each month of the year, the monthly vertical
profiles of wind speed as a function of altitude, from the surface to
30 km, are shown in Figure 1. Three representative curves (25th,
50th (median), and 75th percentiles) allow for the assessment of
intra-monthly variability. It results in a coherent and seasonal
vertical structure: during the winter months (January–March),
wind speed increases significantly with altitude, reaching values
above 20m s−1 in the stratosphere, reflecting the intensification of
the winter jet stream. Conversely, the summer months (June–
August) exhibit more moderate and homogeneous profiles, with
speeds below 30m s−1 beyond 15 km, reflecting increased
dynamic stability in the upper troposphere. The zone located
around 12 km in altitude, corresponding approximately to a
pressure of 200mbar, is of particular importance for astroclimatic
studies. Figure 2 details the monthly average wind speeds at
200mbar (V200), a crucial parameter in evaluating AO perfor-
mance as it is directly linked to the frequency of atmospheric
distortion corrections. The analysis shows a relative annual
stability of V200, oscillating between 15 and 22m s

−1, with an

average of 19.48m s−1 and a median of 17.88m s−1. These
values are well below the critical thresholds (>30m s−1)
associated with rapid turbulence. To complement this approach,
Figure 3 presents the frequency histogram of wind speed across all
altitudes and periods. The observed distribution is slightly right-
skewed, indicating the presence of occasional high-intensity gusts,
although the majority of the measurements are concentrated in a
moderate range. The main statistics are as follows: an average of
19.48m s−1, a median of 17.88m s−1, a 25th percentile at
13.41m s−1, and a 75th percentile at 25.43m s−1. The 95th
percentile, located at 33.30m s−1, shows that extreme winds
remain rare, reinforcing the idea of generally favorable conditions
for astronomy. Finally, Figure 4 provides a synthetic view of the
average vertical wind speed profile as a function of atmospheric
pressure, which helps to better understand the dynamics of the
upper layers. The profile shows a marked increase in speed up to
the level of the jet stream (150–200 mbar), followed by a gradual
decrease in the stratosphere, beyond 20 km in altitude. This
behavior is typical of temperate regions in the northern
hemisphere and indicates that the majority of aerological
disturbances relevant to ground-based astronomy are located in
the upper troposphere. These results confirm that the ORM
benefits from a favorable vertical wind profile, with moderate
turbulence and sufficient aerological stability to allow for quality
astronomical observations, including for large-diameter telescopes
and instruments sensitive to atmospheric disturbances.

Figure 2. The statistical results of wind speed at 200 hPa from ERA5 data for the period 2010–2020 at the ORM site.
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3.2. Wind Characteristics: Roses and Direction

The study of the directional dynamics of winds above the
ORM is summarized in Figure 5, which presents four wind roses
constructed from ERA5 data for two atmospheric pressure levels

(200 mb; high troposphere) and (700 mb; mid-troposphere) and
two time periods: July–August and a cumulative period of six
months. This figure allows for the joint evaluation of wind
intensity and direction, two critical factors in the generation of
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Figure 3. Monthly profiles of average wind speed at 200 hPa and typical vertical profiles at ORM (2010–2020) from ERA5 data.
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atmospheric optical turbulence. The distributions at 200 mb
(panels (b) and (d)) reveal a clear dominance of westerly winds,
particularly in the west-northwest sectors, with speeds frequently
exceeding 20m s−1 and sometimes reaching more than 30m s−1.
This behavior is typical of the subtropical jet stream, particularly
active in this geographical area. In contrast, the wind roses at 700
mb (panels (a) and (c)) show more dispersed directions, with
moderate speeds mostly below 10m s−1, reflecting the influence
of local topography, convective effects, and seasonal variability
in the lower troposphere. These results highlight the existence of
two superimposed aerological regimes: a fast, channelized, and
directional flow at altitude and a more unstable and variable flow
at intermediate altitudes. This vertical structuring of the winds has
a direct impact on the quality of astronomical seeing, influencing
both free turbulence and the performance of AO systems. The
figure also confirms the usefulness of a multi-level directional
analysis to optimize the modeling of turbulent layers and refine
ground-based observation strategies.
The monthly analysis of wind direction as a function of

altitude above the ORM is presented in Figure 6. This figure

consists of twelve subgraphs corresponding to each month of
the year, illustrating the vertical structure of the average wind
direction from the surface up to 30 km. The results reveal a
coherent aerological organization, characterized by a gradual
change in wind direction with altitude in the lower tropo-
spheric layers, followed by a predominant orientation toward
the west from the upper troposphere. In particular, a clear
dominance of westerly winds is observed in the stratosphere,
around 10–20 km altitude, with directions predominantly
between 240° and 300°, associated with the presence of the
polar jet stream. This behavior is particularly pronounced
during the winter (January, February, December), where the
directional stability at high altitude is reinforced, while the
lower layers exhibit greater variability, reflecting the influence
of local weather systems. Conversely, in summer (June–
August), increased variability is observed in the wind direction
at high altitudes, which may reflect a weakening of the jet
stream and a more meridional circulation. This vertical
rotation of wind direction, known as directional shear, has
direct implications on atmospheric turbulence and thus on the

Figure 5. The wind speed calculated from the ERA5 database from 2010 to 2020 for the ORM site for July and August ((c) and (d)) and the six months, the wind
increased at the pressure levels of 200 and 700 hPa ((a) and (b)).
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quality of astronomical images. A detailed understanding of
these directional profiles is essential for modeling the atmo-
spheric wave front, anticipating turbulence conditions, and
optimizing the operation of AO systems installed on the site’s
telescopes.

3.3. Temperature

Figure 7 of the monthly vertical temperature profiles at the
ORM site during 2010–2020 highlights the typical thermal
structure of the atmosphere up to about 30 km altitude. This
figure compiles the twelve monthly profiles of median
temperature, expressed in kelvin (K), as a function of altitude
(in km) and reveals a seasonal dynamic consistent with
the principles of atmospheric physics. In the lower troposphere
(0–10 km), a nearly linear decrease in temperature with
altitude is observed, with temperatures around 275 K during
the summer (June–August) and around 260 K during the
winter (January, February, December). This decrease reflects
the stability of the average adiabatic gradient. The tropopause,
identified by a thermal plateau around 10–12 km, rises to about
13 km in summer, while it descends to nearly 10 km in winter.
Beyond that, in the stratosphere (12–30 km), the trend reverses

with an increase in temperature at altitude, particularly
pronounced from 20 to 30 km, reflecting the radiative warming
associated with the presence of ozone. This warming reaches
approximately 250 K in summer and drops to nearly 220 K in
winter. The transition months exhibit intermediate behaviors,
characterized by a moderate variability in the position of the
tropopause. The set of these seasonal profiles, presented
succinctly in Figure 7, constitutes a fundamental tool for the
study of atmospheric stability, the characterization of optical
turbulence, as well as for the optimization of astronomical
observation windows at the ORM site.

3.4. Potential Temperature

Figure 8 illustrates the monthly vertical profiles of the
median potential temperature at the ORM site, up to an altitude
of 30 km. These profiles, expressed in kelvin (K), show a
continuous increase in potential temperature with altitude, in
accordance with the principles of atmospheric thermody-
namics. In the lower troposphere (0–10 km), the potential
temperature increases slowly, rising from about 300 K near the
surface to 500 K at around 10 km. This moderate increase
indicates a relatively low static stability, which can promote
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Figure 6. Statistics of the median monthly vertical profiles of wind direction calculated with ERA5 data during the period 2010–2020 at the ORM site.
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convection or atmospheric turbulence. There is also seasonal
variability in surface values, with higher potential tempera-
tures during the summer months (June–August), indicating
more intense warming and a possible development of
convective instabilities. On the other hand, beyond 12 km, in
the stratosphere, the slope of the profiles becomes significantly
steeper. The potential temperature reaches 700–800 K at 30
km, which reflects a very stable stratification. This strong
stability inhibits vertical movements and considerably limits
the generation of turbulence in these high layers, a condition
favorable for high-precision astronomical observation.
Figure 9 complements the previous analysis by representing

the monthly profiles of the vertical gradient of potential
temperature, dθ/dh, expressed in K/m. This parameter is a
direct indicator of the static stability of the atmosphere: the
higher it is, the more resistant the air column is to vertical
movements. In the lower troposphere (up to 10 km), the
observed gradients are relatively weak, on the order of 0.005 to
0.015 Km−1. This low stability makes this layer more
sensitive to the generation of optical turbulence, particularly
in the presence of wind shears or humidity gradients. This area
thus constitutes the main region where disturbances can alter

the quality of astronomical images. At altitude, starting from
15 km, the gradient increases significantly, locally reaching
values between 0.03 and 0.05 Km−1. This strong stability is
typical of the stratosphere and indicates extremely calm
atmospheric conditions, which are not conducive to vertical
exchanges. These upper layers therefore play a minor role in
optical turbulence, but their stability positively contributes to
the coherence of the light beams observed from the ground.
The combined analysis of Figures 8 and 9 thus allows for a
comprehensive diagnosis of the atmospheric stability at the
ORM site, identifying critical altitudes for turbulence and
confirming the very good quality of the site for astronomical
observations.

3.5. Richardson Number Ri

The analysis of the vertical profile of the inverse of the
Richardson number, presented in Figure 10, allows us to
identify the layers of the atmosphere most likely to generate
dynamic turbulence above the ORM. This figure compiles the
monthly profiles of 1/Ri from January to December, each
represented by three statistical curves (25th, 50th (median),
and 75th percentiles) up to an altitude of 30 km. The inverse of
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Figure 7. Statistics of monthly vertical temperature profiles calculated with ERA5 data during the period 2010–2020 at the ORM site.
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the Richardson number is used here as an indicator of dynamic
stability: high values of 1/Ri signal strong instability, thus an
increased risk of atmospheric turbulence. The profiles reveal
that the upper troposphere, located between approximately 5
and 15 km in altitude, is the most unstable region of the
atmospheric column, particularly during the winter months
(from December to February), where the medians exceed 0.10,
sometimes reaching 0.15 in the 75th percentiles. This
instability is mainly linked to strong vertical wind shear, often
associated with the polar jet stream. In contrast, during the
summer (June–August), the profiles are flatter and exhibit
lower values of 1/Ri, indicating a more stable vertical
structure, conducive to better astronomical observation
conditions.
This seasonality of atmospheric shear has direct implica-

tions for ground-based astronomy: the turbulence induced in
unstable layers can significantly alter the quality of the wave
front, thereby reducing the performance of AO instruments.
The interpretation of 1/Ri profiles thus contributes to a better
understanding of aerological conditions, allowing for the
optimization of observation periods and the configuration of
corrective systems.

3.6. The Refractive Index Cn
2

The analysis of the monthly vertical profiles of the refractive
index structure parameter, presented in Figure 11, allows for
the evaluation of the distribution of optical turbulence in the
atmospheric column above the ORM. Each sub-figure in this
document corresponds to a month of the year and illustrates
the values of ( )Clog n10

2 as a function of altitude, from 0 to
30 km, with the curves of the 25th, 50th (median), and 75th
percentiles. The parameter Cn

2, expressed in m−2/3, is a
fundamental quantity for quantifying atmospheric turbulence
affecting the propagation of light waves, and thus the quality
of astronomical images. The results show that the turbulence
is mainly confined to the lower troposphere, with maximum
values of Cn

2 (log10 between 15 and 17) observed between 1
and 3 km in altitude. This region corresponds to the optical
boundary layer, strongly influenced by local thermal
gradients, topography, and surface effects. Beyond 10 km,
the values drop rapidly, indicating a much more stable
atmosphere. A moderate seasonality is observed: winter
months show more pronounced turbulence peaks, while
summer months display more extended but less intense
profiles, suggesting a more stable and homogeneous
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Figure 8. Statistics of the median monthly vertical potential temperature profiles calculated with ERA5 data during the period 2010–2020 at the ORM site.
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atmosphere. From an astronomical perspective, these profiles
indicate that the majority of the turbulence is located at
relatively low altitudes, which is favorable for correction by
classical AO systems. The precise knowledge of the vertical
distribution of Cn

2 is essential for sizing and configuring
advanced optical instruments, particularly those using multi-
conjugate approaches. These results thus confirm the
aerological quality of ORM and its suitability for high-
resolution astronomical observation.

3.7. Astroclimatic Parameters

In this study, we characterize the main astroclimatic
parameters that describe atmospheric turbulence and its impact
on astronomical observations. The free seeing (εfree) refers to the
contribution of turbulence above the boundary layer, typically
measured by instruments such as MASS (Sarazin & Tokovi-
nin 2002). The total seeing (ε0) corresponds to the integrated
effect of turbulence throughout the entire atmosphere and is often
determined with DIMMmeasurements (Sarazin &Roddier 1990).
The isoplanatic angle (θ0) defines the angular separation within
which wave front distortions are correlated, setting the effective
field of view for AO correction (Roddier 1981). Finally, the

coherence time (τ0) describes the temporal stability of turbulence
and is a key parameter for the performance of AO and
interferometric systems (Greenwood 1977).
The analysis of astroclimatic parameters of optical turbu-

lence, notably free seeing, total seeing, isoplanatic angle, and
coherence time above the ORM, allows for the qualification of
this site based on these meteorological parameters using the
ERA5 database over a period of 10 yr, from 2010 to 2020.
Table 2 for free seeing and Table 3 for total seeing highlight
significant seasonal variability. Free seeing, which represents
the turbulence at altitude above the boundary layer, shows
particularly low median values in winter, reaching 0.20 in
December, and peaking around 0.72 in June. The total seeing,
which includes all atmospheric turbulence, follows a similar
trend but with higher values, ranging from 0.47 in December to
1.09 in July. Figures 12 and 13 illustrate the monthly evolution
of these parameters and confirm the statistical trends. A marked
deterioration in seeing is observed during the summer season,
due to the intensification of convective turbulence in the lower
troposphere. The curves of the 25th, 50th (median), and 75th
percentiles also show that the interannual variability is more
contained in winter, suggesting more stable and predictable
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Figure 9. Statistics of the monthly median
h
vertical profiles calculated with ERA5 data during the 2010–2020 period at the ORM site.
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observation conditions. These observations confirm that the
months from November to February offer the best observation
windows, both for instrumental sensitivity to free seeing and for
those affected by global turbulence. They also highlight the
importance of differentiating these two components in observa-
tional planning and the sizing of AO systems, particularly in a
high instrumental precision context.
Table 4 and illustrated graphically in Figure 14: During the

winter months (January, November, and December), the
isoplanatic angle reaches relatively high average values,
ranging between 3.30 and 3.54, indicating generally more
stable atmospheric conditions at high altitudes. In contrast, the
spring months, particularly March and April, are characterized
by the lowest values (1.53 and 1.38, respectively), indicating
an increase in turbulence in the upper troposphere and lower
stratosphere during this season. The month of July exhibits
atypical behavior with a high average value (3.92), but
accompanied by a very significant standard deviation (3.70),
indicating a very high intramonthly variability. This dispersion
is confirmed in Figure 14, where the 25th, 50th (median), and
75th percentiles of the monthly distributions show a marked
fluctuation throughout the year. Overall, the annual average of

the isoplanatic angle is 2.55, with a median of 2.00, suggesting
an asymmetric distribution dominated by extreme events in
certain months. The joint analysis of the table and the figure
thus allows for a better understanding of the temporal
dynamics of this crucial astroclimatic parameter for the
optimization of high-resolution ground-based imaging.
Table 5: The monthly average values range from a

minimum of 4.16 ms in April to a maximum of 25.57 ms in
November. The month of November is particularly remarkable
for its exceptionally high average, although it is strongly
influenced by a large dispersion of data, as evidenced by the
high standard deviation of 47.12 ms. This high intra-month
variability is also visible in other months, such as February and
July, with respective standard deviations of 15.79 ms and
13.65 ms. In contrast, periods like March, April, and June
exhibit lower and relatively stable coherence times. Figure 15
highlights the monthly distributions across the 25th, 50th
(median), and 75th percentiles. A clear increase in the median
is observed during the summer months (July–August) and fall
months (October–November), suggesting atmospheric condi-
tions more favorable to AO. The month of August stands out
for its high stability, with a median of 13.13 ms and a low
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Figure 10. The monthly median vertical profiles of the inverse of the Richardson number from 2010 to 2020 at the ORM site. The first and third quartiles are plotted
as dashed lines.
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dispersion around this value, unlike other months such as
February or November. The overall average over the entire
period reaches 9.99 ms, with an annual median of 6.00 ms,
indicating an asymmetric distribution influenced by extreme

episodes. The joint analysis of the statistical table and the
graphical figure allows for a better characterization of
the seasonal dynamics of coherence time at ORM. These
results are essential for optimizing the performance of AO
systems, particularly for planning high temporal resolution
observations. Figure 16 presents the combined histograms of the
main astroclimatic parameters derived from ERA5 data at the
ORM site over the period 2010–2020, including free seeing,
total seeing, isoplanatic angle, and coherence time. Each sub-
figure indicates the key values of the 25th, 50th (median), and
75th percentiles, providing a direct visualization of the statistical
distribution of these parameters. Free seeing shows a median of
0.48 with an interquartile range from 0.29 to 0.62, revealing a
concentration of values in favorable observation conditions. The
total seeing is logically more degraded, with a median of 0.72
and a 95th percentile reaching 1.20, reflecting the additional
impact of the lower layers of the atmosphere. The isoplanatic
angle exhibits an asymmetric distribution, with a median of
2.00, but a significant range reaching up to 6.62 at the 95th
percentile, reflecting considerable variability at high alti-
tudes. The coherence time (AO) is also characterized by a
strongly asymmetric distribution, with a median of 6.00 ms
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Figure 11. Statistics of the median monthly vertical profiles of Cn
2 calculated with ERA5 data during the period 2010–2020 on the ORM site.

Table 2
Monthly Statistics of Free Seeing for ORM

Free Seeing for ORM ERA5 Data

Period for 2010–2020 Mean Median Std Q1 Q3

Jan 0.30 0.27 0.12 0.23 0.38
Feb 0.34 0.32 0.13 0.24 0.43
Mar 0.53 0.51 0.14 0.45 0.60
Apr 0.61 0.64 0.16 0.48 0.67
May 0.68 0.63 0.30 0.54 0.75
Jun 0.70 0.72 0.21 0.54 0.81
Jul 0.55 0.55 0.09 0.50 0.60
Aug 0.57 0.59 0.10 0.53 0.64
Sep 0.56 0.57 0.17 0.44 0.66
Oct 0.32 0.29 0.10 0.26 0.38
Nov 0.29 0.28 0.14 0.21 0.34
Dec 0.23 0.20 0.12 0.16 0.26
All 0.47 0.48 0.22 0.29 0.62

Note.Monthly statistics include the mean, median, standard deviation (Std),
first quartile (Q1), and third quartile (Q3).
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and a very high 95th percentile (34.13 ms), highlighting
the existence of very favorable episodes for AO, despite
a predominance of more modest values. This synthetic
figure thus allows for an effective comparison of the

variability of atmospheric conditions that influence the
performance of ground-based observation instruments and
highlights the complementarity between these four essential
parameters.
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Figure 12. Evolution and statistics of free seeing by ERA5 for the ORM site during the period (2010–2020).
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Figure 13. Evolution and statistics of total seeing by ERA5 for the ORM site during the period (2010–2020).

Table 4
Monthly Statistics of the Isoplanatic Angle

Isoplanatic Angle for ORM ERA5 Data

Period for 2010–2020 Mean Median Std Q1 Q3

Jan 2.27 2.01 0.84 1.58 2.68
Feb 1.96 1.49 0.84 1.43 2.15
Mar 1.53 1.25 0.70 1.00 1.96
Apr 1.38 1.27 0.82 0.86 1.50
May 1.97 1.39 1.34 1.14 2.57
Jun 1.68 1.35 0.87 1.09 1.88
Jul 3.92 2.12 3.70 1.86 3.70
Aug 2.86 2.47 0.96 2.18 3.63
Sep 3.09 2.50 2.00 1.86 3.64
Oct 3.15 2.32 1.74 2.07 4.00
Nov 3.30 2.74 2.20 1.95 3.53
Dec 3.54 1.71 3.59 1.47 4.18
All 2.55 2.00 2.02 1.42 2.90

Note.Monthly statistics include the mean, median, standard deviation (Std),
first quartile (Q1), and third quartile (Q3).

Table 3
Monthly Statistics of Total Seeing

Total Seeing for ORM ERA5 Data

Period for 2010–2020 Mean Median Std Q1 Q3

Jan 0.51 0.47 0.15 0.38 0.60
Feb 0.62 0.60 0.13 0.54 0.66
Mar 0.83 0.79 0.13 0.76 0.88
Apr 0.81 0.73 0.19 0.69 0.91
May 0.89 0.86 0.21 0.72 1.00
Jun 0.90 0.85 0.24 0.79 1.03
Jul 1.18 1.09 0.27 0.98 1.28
Aug 1.01 1.00 0.07 0.98 1.01
Sep 0.86 0.85 0.25 0.75 1.02
Oct 0.49 0.43 0.14 0.42 0.55
Nov 0.45 0.38 0.14 0.35 0.57
Dec 0.47 0.47 0.13 0.38 0.53
All 0.75 0.72 0.29 0.53 0.95

Note.Monthly statistics include the mean, median, standard deviation (Std),
first quartile (Q1), and third quartile (Q3).
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4. Conclusions

The comprehensive analyses conducted at the ORM site
using ERA5 data from the period 2010–2020 provide a
particularly favorable aerological and astroclimatic profile for
high-precision astronomical observation. The vertical diag-
nostics of temperature, wind, optical turbulence (Cn

2), as well
as integrated parameters such as seeing, isoplanatic angle,
and coherence time, all converge toward the same conclu-
sion: the ORM presents globally stable, structured

atmospheric conditions that are compatible with the require-
ments of the most advanced optical systems. On the thermal
side, the temperature and potential temperature profiles reveal
a stratified atmosphere, with a dynamic but generally stable
troposphere, a well-defined tropopause, and a stratosphere
marked by increased stability. This structure promotes low
turbulence in the middle and upper layers of the atmosphere,
essential for high-resolution imaging. Aerological analyses
show vertical wind dynamics characteristic of temperate
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latitudes, dominated by the jet stream in winter and westerly
winds in the stratosphere, with moderate speeds around 200
hPa, a key zone for AO performance. The wind direction also
shows a favorable vertical organization, although seasonal
shears are likely to cause directional turbulence, particularly
in the lower tropospheric layers. The vertical profiles of the
parameter Cn

2 confirm a major concentration of optical
turbulence in the lower troposphere, between 1 and 3 km in
altitude, a typical characteristic of good observation sites.
This dominant optical boundary layer justifies the use of
adaptive systems specifically designed to correct turbulence
close to the ground. The integrated astroclimatic parameters,
such as free seeing, total seeing, isoplanatic angle, and
coherence time, highlight significant seasonal variability,
with conditions notably more favorable during the winter
months. The recorded median values confirm the site’s high
potential performance, with notably a free seeing of less than
0.5 in winter, an isoplanatic angle reaching 3.5, and a
coherence time exceeding 20 ms, values particularly promis-
ing for the implementation of efficient AO systems.
Ultimately, this multidimensional study demonstrates that
ORM constitutes an internationally recognized astronomical
site. It meets the essential aerological and optical conditions
for accommodating large telescopes and developing
advanced observation technologies. These results not only
provide a solid foundation for observational planning but also
offer a transferable methodological framework to other
candidate sites in the context of the selection and qualifica-
tion of astronomical sites. This work should therefore be
regarded as a preliminary step, providing a scientific
foundation for subsequent fixed-point monitoring with

dedicated instruments to validate and refine the ORM site
characterization.
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