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A B S T R A C T

Free space optical communications (FSO) have the potential to substantially improve communications tech-
nology in terms of channel capacity and offer an alternative to their RF counterpart. Additional characteristics
related to security, immunity, flexibility and low cost issues render FSO a reasonable candidate for military
applications. FSO technology does not come without challenges. Its major issue is the local meteorological
parameters that give rise to various atmospheric phenomena. The purpose of this work is to facilitate the
performance prediction of an FSO communication link over a maritime environment by utilizing macroscopic
meteorological parameters, i.e. air temperature, wind speed, relative humidity, air pressure, dew point, solar
radiation and sea temperature, obtained from point measurements. The received signal strength indicator
(RSSI) of the FSO receiver has been utilized as the performance metric of the channel and a closed form
expression has been deduced. The model has then been validated against real meteorological data and the
predicted RSSI values exhibited a reasonably strong correlation with the observed ones. Atmospheric turbulence
has been taken into account using the Navy Surface Layer Model (NAVSLaM) to estimate the structure index
parameter from the same meteorological data and thus allowed for a statistical correlation between the
refractive index structure parameter and RSSI.
. Introduction

The ever-increasing demands on reliable and high-speed data trans-
er lead the way to the current research efforts to advance the optical
ireless communications (OWC) technology so it can be exploited by
oth small and light platforms. FSO systems offer significant advantages
ver RF technology due to their higher carrier frequency, the smaller
ize of their components, the more secure channel and the increased
odulation bandwidth [1]. Therefore, platforms with size, weight and
ower constraints can benefit from more compact communication sys-
ems while achieving higher performance [2]. FSO technology applica-
ions span from fixed point to point networks, e.g. LAN, last mile access,
iber backup, to high speed moving platforms, e.g. UAVs, aircrafts, [3,
]. The applied laser technology level allows not only for terrestrial but
lso for underwater and space applications [5,6]. The major drawback
hat the FSO systems face is the various atmospheric phenomena that
lay a negative role on their performance. Weather effects such as
aze, rain, snow, fog, etc, cause the scattering and absorption of the
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laser beam in a timescale of several minutes, whereas the atmospheric
turbulence causes scintillation and beam wandering in a timescale of
milliseconds [7]. These deleterious effects exhibit a rather different
behavior in a maritime environment as compared to the terrestrial
one [8,9]. Therefore, exhaustive research in such an environment is
required in order to characterize the local weather effects on the FSO
performance, [10].

Over the past few years, several research teams have established
experimental setups in various terrains in order to acquire a bet-
ter understanding of the atmospheric effects to the laser propagation
and consequently to an FSO link. For example, the Chesapeake Bay
Detachment of the Naval Research Laboratory has launched an ex-
tensive campaign towards the characterization of the atmosphere for
a maritime laser link. A simple 100-m link over land was the first
step to validate an optical turbulence model (PAMELA) through a
twelve-month collection data period [11,12]. Following that, scintil-
lation measurements for different aperture sizes have been conducted
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over a 470-m maritime path [13]. Finally, an extended 16-km laser-
comm link has been established over sea between Chesapeake Beach,
MD and Tilghman Island, MD to characterize atmospheric turbulence,
atmospheric transmission, angle-of-arrival fluctuations, bit error ratio
and a variety of other atmospheric parameters [14]. Later on, an asym-
metric link has been established by employing special retro-reflectors
arrays to close a 32.4-km total maritime path [15–17]. In a rapid devel-
opment effort, the Advanced Lasercom Systems and Operations group
at MIT Lincoln Laboratory fielded two self-developed FSO terminals
and established a 5.4-km terrestrial optical path. The collected data
have been used to assess link performance as a function of system
parameters with and without forward error correction [18,19]. Those
field measurements also demonstrated the effectiveness of spatial diver-
sity by reducing the fading-induced received optical power probability
density function width. The influence of atmospheric environment on
a terrestrial FSO link has been studied in [20–22] using statistical
analysis of the optical received power and simple polynomial models
were constructed to relate the RSSI with measured atmospheric param-
eters. Alheadary et al. explores solely the effects of temperature and
humidity of a coastal environment on FSO communications [23,24].
In their work, two mathematical models are proposed to link the FSO
attenuation coefficient with the air temperature, the humidity and the
dew point. Tunick, studied the refractive index and the microclimate
fluctuations effects to free-space laser communications by comparing
scintillometer data with in-situ measurements of temperature varia-
tions [25] and calculated values of refractive index structure parameter
(𝐶2

𝑛 ) and Fried parameter (𝑟0) [26]. The probability density function,
fade statistics and high frequency spectrum have been obtained based
on experimental data that covered all seasons and collected from a
11.8-km urban terrain optical link in [27]. The performance of FSO
transmission in terms of Packet Delivery Ratio (PDR) has been studied
in a harsh weather environment in Qatar University along a 600-
m long laser communication link [28]. Finally, the Hellenic Naval
Academy has conducted extended applied research in maritime laser
communications performance presented in [29–31].

The main goal of this study is to use a large data set obtained of a
commercial FSO link with an over-water propagation path, located at
the entrance of Piraeus port, during the winter of 2020, in order to gain
a better understanding of the effects of atmospheric conditions to the
performance of the link. Apparently, experimenting with a laser link
in the open sea for extended period of time is not trivia; therefore, we
utilized an established link between two fixed points on the land that
crosses a maritime environment and allows for adequate experimental
data to be obtained. A twenty two-day data collection period has
been used to construct our proposed model for RSSI as a function
of local environmental conditions, i.e. air temperature, wind speed,
dew point, humidity, pressure, solar radiation and air–sea temperature
difference, with a very decent approximation (𝑅2 = 71%). The model
has been validated and exhibited better accuracy as compared to our,
elsewhere [31], proposed RSSI model. Finally, a 𝐶2

𝑛 parameter esti-
mation model in maritime environment (NAVSLaM), proposed by the
meteorology department of the Naval Postgraduate School, has been
employed to correlate the measured RSSI parameter with the estimated
atmospheric turbulence strength.

The remainder of this work is organized as follows. Section 2,
provides the background of atmospheric turbulence and presents the
NAVSLaM model for 𝐶2

𝑛 estimates in maritime environment. Section 3,
escribes the whole experimental setup, located across the entrance
f Piraeus port. Section 4, presents and analyzes the findings of the
easurements, whereas Section 5 concludes the paper.

. Optical turbulence in the atmosphere

The atmosphere can be considered as a fluid with two distinct states
f motion i.e. laminar and turbulent [32]. What distinguishes these two
tates is uniformity of velocity characteristics determined by a non-
imensional quantity called the Reynolds number [32]. According to
2

the energy cascade theory of turbulence, when wind speed increases,
this number overcomes the critical value and results in local unstable
air masses, i.e. turbulent eddies [1]. These eddies are formed in dif-
ferent sizes, ranging from 𝐿0 (outer range) down to 𝑙0 (inner range).
The outer range can have a diameter of up to 100-m and the inner
up to 10-mm. Both are linearly correlated with height [32]. Assuming
atmospheric fluctuations are homogeneous and isotropic, the structure
function within outer and inner range, i.e the inertial subrange, follows
a two-thirds power law, i.e. a 𝑟2∕3 dependence for a random variable
x(r) is given as:

𝐷𝑥
(

𝑟(.)
)

= 𝐷𝑥(𝑓
(

𝑟1, 𝑟2
)

) =
⟨

|𝑥(𝑟1) − 𝑥(𝑟2)|
2
⟩

(1)

where 𝑟1, 𝑟2 the position vectors at two points separated by distance r.
These atmospheric fluctuations can be associated with either parameter
between wind velocity, temperature and refractive index. Turbulence
fluctuations associated with the refractive index caused by tempera-
ture and pressure variations. The corresponding structure function for
refractive index is given as:

𝐷𝑛
(

𝑟𝑛
)

= 𝐶2
𝑛 𝑟

2∕3 (2)

where 𝐶2
𝑛 stands for the refractive index structure parameter, a widely

used term of turbulence strength characterization [31].

2.1. Forecasting optical turbulence

As described in the previous section, the effects of the weather con-
ditions as well as other atmospheric phenomena have been extensively
investigated both in a laboratory environment and in the field. The
primary phenomenon that has been researched is the atmospheric tur-
bulence since it is considered to have the most prominent degradation
effects on a laser communications link. Several different experimental
turbulence measurement methods exist, including predictive modeling
of 𝐶2

𝑛 [33]. Usually, micrometeorology is required in order for one to
be able to measure optical turbulence [34]. However, several models
based upon local macro-meteorological parameters that can be easily
obtained from a weather station, such as air temperature, wind speed,
air pressure, etc., are available in the open technical literature. Rep-
resentative examples are available in [34], which are mathematically
expressed as simple regression models, with independent parameters
that include wind speed, relative humidity, air temperature and solar
flux. These models also include a weighting factor that favors the
development of the bell-shaped diurnal profile of turbulence. Indeed,
the models exhibit a correlation of 90% or more over a wide range
of meteorological parameters values on a desert environment, [34].
However, upper and lower bounds of those values exist, that constrain
the validity area of the models. Oermann in his work, [33], attempted
to improve those models by adding the air-to-ground and air-to-air tem-
perature differences as extra independent parameters. The developed
model showed an improvement; however, since it utilized only daytime
data it cannot be used for nighttime predictions. Recently, both models
were utilized in [31] to correlate atmospheric turbulence strength with
received signal strength over maritime environment and a moderate
correlation was observed.

2.2. 𝐶2
𝑛 Predictive modeling for maritime environment

The focus of this paper is FSO performance assessment over a
maritime environment, which exhibits significant differences with a
terrestrial one.

A significant difference of a typical diurnal profile of atmospheric
turbulence between a terrestrial and an over-water propagation path
is that the latter does not exhibit reduced values around sunrise and
sunset [35]. That means that the 𝐶2

𝑛 strength does not follow the
characteristic bell-shaped diurnal profile but a random one during the
day. Additionally, the 𝐶2

𝑛 strength over water is generally an order of
magnitude lower than over land [7]. The FSO link availability as a
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function of range was measured for specific set of FSO parameters for
a desert, i.e. China Lake, CA, and a maritime i.e. Chesapeake Beach,
MD, environments, and the former, as it would be expected, was much
larger [7].

Over water, the atmospheric structure constant was found to have
a strong dependence on the air–sea temperature difference (ASTD).
Additionally, different beam propagation characteristics were observed
for each temperature gradient sign. For colder air temperatures the
beam transport is improved [35].

Apart from the expression of Eq. (2) for the refractive index struc-
ture parameter, valid for the inertial-subrange, 𝐶2

𝑛 can be expressed
in terms of the temperature structure parameter, 𝐶2

𝑇 , the specific hu-
midity structure parameter, 𝐶2

𝑞 , and the temperature-specific humidity
cross-structure parameter, 𝐶𝑇 𝑞 , as:

𝐶2
𝑛 = 𝐴2𝐶2

𝑇 + 2𝐴𝐵𝐶𝑇 𝑞 + 𝐵2𝐶2
𝑞 (3)

where A and B are the partial derivatives of refractive index with re-
spect to temperature and specific humidity, respectively [36, Eqs. (16,
17)]. The Meteorology Department of the Naval Postgraduate School
has developed a bulk 𝐶2

𝑛 prediction model based upon mean atmo-
spheric layer properties, with an emphasis on the air–sea temperature
difference. The model’s basis is the Monin–Obukhov similarity (MOS)
theory, which assumes conditions to be horizontally homogeneous and
stationary and turbulent fluxes of momentum, sensible and latent heat,
to be constant with height. These conditions are most likely to be valid
in the open ocean rather than in a coastal location; therefore, the bulk
model is believed to perform better in the former environment, [37].
Scaling parameters for wind speed, temperature and specific humidity
are defined [37, Eq. (10)] as well as a universal parameter 𝜉 [37,
Eq. (11)] which expresses any dynamic surface-layer property, made
dimensionless by the scaling parameters. The mean vertical profiles of
wind speed, temperature and specific humidity are also defined accord-
ing to MOS theory [37, Eq. (12)]. Solving those profile expressions for
the scaling parameters and combining the expressions of the structure
parameters in terms of the scaling parameters with (2), results in the
NAVSLaM model, [38],

𝐶2
𝑛 =

𝑓 (𝜉)𝑘2[𝐴2𝛥𝑇 2 + 2𝐴𝐵𝑟𝑇 𝑞𝛥𝑇𝛥𝑞 + 𝐵2𝛥𝑞2]

𝑧2∕3[ln
(

𝑧
𝑧𝑜𝑇

)

− 𝛹𝑇 (𝜉)]2
(4)

and

𝜉 =
𝑧𝑔(𝛥𝑇 + 0.61𝑇𝛥𝑞)[ln

(

𝑧
𝑧𝑜𝑈

)

− 𝛹𝑈 (𝜉)]2

𝜃𝑢𝛥𝑈2[ln
(

𝑧
𝑧𝑜𝑇

)

− 𝛹𝑇 (𝜉)]
(5)

where f(𝜉) is an empirical determined dimensionless function, z the
height above surface, k the von Karman constant (≈0.4), g the grav-
itational acceleration, 𝜃𝑢 the virtual potential temperature, 𝛹 the in-
tegrated forms of the respective dimensionless profile functions, 𝑧0𝑇 ,
z0𝑈 , z0𝑞 , i.e. the heights where the log-z profiles of U, T, q reach their
surface values and 𝑟𝑇 𝑞 the temperature-specific humidity correlation
coefficient.

By iteratively solving Eqs. (4) and (5), 𝐶2
𝑛 can be estimated after

parameterizing 𝑧𝑜𝑇 and 𝑧𝑜𝑈 in terms of known quantity [37]. Full
details on the NPS’s NAVSLaM model are provided by Frederickson
et al. [37]. After extended experimental analysis of the model, 𝐶2

𝑛 is
found to have strong dependence on the absolute value of the air–sea
temperature difference, increasing for higher wind speeds and negative
ASTD and decreasing for positive ASTD values [37]. Compared to
relative humidity, 𝐶2

𝑛 is directly proportional for positive ASTD, except
for very small positive values [37]. The transition between positive and
negative ASTD values was found to have a significant effect to the laser
beam pointing [35]. Finally, its dependence on height was found to
scale as z−4∕3 for unstable, i.e. 𝜉< 0, z−2∕3 for neutral, i.e. 𝜉 = 0, and
constant for stable, i.e. 𝜉> 0, conditions [37].
3

Fig. 1. The maritime optical communications link that connects the Hellenic Naval
Academy and the lighthouse on Psitallia Island and has a total length of 2958 m.

Fig. 2. The MRV TS5000/155 FSO system on the roof of HNA’s building. On its left
is shown the Psitallia island where is located the second FSO system.

3. Measurement systems overview

An optical communications link has been established over a coastal
maritime environment between the building of Hellenic Naval Academy
and the lighthouse of Psitalia Island. The optical path length has an
overall length of 2958 m, most of which is over sea, see Fig. 1. The
link is assumed to be horizontal and seated at a height of 35 m over
sea surface.

The FSO system used in the experiments is a commercial MRV
TS500/155 transceiver, operating at 0.85 μm with a maximum output
power of 150-mW and data rate of 155-Mbps. It utilizes three laser
sources with a beam divergence of 2 mrad each and a single receiver
with a diameter of 20-cm, sensitivity of −46-dBm and uses an avalanche
photodetector (APD). It uses an open protocol to automatically identify
and lock on the current data rate and clock (see Fig. 2).

The maritime optical link operates as a full-duplex link; however,
the difficulty to access the Psitallia island site has led us to use this
terminal as the transmitter and the HNA’s terminal as the receiver.
The received signal strength is measured, stored in a connected PC
and exported to be analyzed. Collocated to the HNA’s FSO system is a
WS-2000 weather station which measures macroscopic environmental
parameters, such as wind speed, air temperature, relative humidity,
pressure, solar radiation and dew point.

4. Results and discussion

The experimental measurements took place during the winter of
2020. An initial period of twenty-two days, i.e. 24 January to 14
February, was devoted for data collection, analysis and model construc-
tion. Once per minute, the RSSI parameter was collected and logged
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Table 1
The value range of the environmental parameters for the period 21 January to 14
February 2020.

Parameter Min value Mean value Max value

RSSI 335.0 422.39 517.0
P (hPa) 987.7 1017.60 1035.3
T (◦C) 273.8 282.80 290.7
RH(%) 41.0 69.61 93.0
DP (◦C) −5.5 7.29 13.4
WS (m/s) 0.0 2.89 20.0
SF (W/m2) 0.0 103.53 735.7
ASTD (◦C) −11.1 −2.23 5.7

from the MRV FSO system. That frequency was selected in order to
easily correlate those measurements with the weather station’s data
collection, which include wind speed (WS), pressure (P), air temper-
ature (T ), dew point (DP), solar radiation (SF ) and relative humidity
(RH). Additionally, our model includes as an independent variable the
air–sea temperature difference (ASTD). An online weather statistics
database, [39], was exploited for the sea temperature measurements.
The range of the environmental parameters values over this period is
presented in Table 1.

As known, the relative humidity exhibits a significant anti-
correlated behavior with temperature. This is the case between ASTD
and RH too, as shown in Fig. 3.

On the other hand, the observed RSSI is shown a good agreement
with the ASTD in terms of their fluctuation trends. The measurements
‘‘gap’’ during the 8-th of February is due to a temporary technical issue
on the FSO system (see Fig. 4).

4.1. RSSI Statistical Modeling

The data collected during that period, i.e. 24 January to 14 Febru-
ary 2020, gave 26238 data points that allowed an accurate model
construction to relate the RSSI with seven macroscopic environmental
parameters. We used a linear regression analysis to construct a second-
order model that would allow RSSI predictions based on environmental
parameters point measurements. The regression analysis summary out-
put showed a significant similarity between measured and predicted
RSSI values, which are certified by an R-squared parameter value of
71.1%. A linear correlation coefficient was also used to numerically
evaluate their analogy (0.843). The resulting regression model is given
as,

𝑅𝑆𝑆𝐼 = 112100.8 + 21.4𝑃 − 0.01𝑃 2 − 878.1𝑇 + 1.57𝑇 2

+ 10.47𝑅𝐻 − 0.066𝑅𝐻2 − 19.83𝐷𝑃 + 0.52𝐷𝑃 2−

− 0.62𝑊𝑆 − 0.09𝑊𝑆2 + 0.12𝑆𝐹 − 0.0001𝑆𝐹 2

− 7.8𝐴𝑆𝑇𝐷 − 2.3𝐴𝑆𝑇𝐷2 (6)

Fig. 5 presents a comparison between the RSSI values directly measured
from the MRV FSO system, i.e. blue line and those predicted by our
model, i.e. red line.

4.2. Model validation

In order to validate our model and its ability to predict the RSSI
parameter from macroscopic environmental point-measurements, we
selected two distinct periods, the first from 20 to 26 February 2020
and the second from 7 to 11 March 2020. The same environmental
measurements were taken, and the observed RSSI value was com-
pared with the predicted one. The environmental conditions during
this period were pretty much the same with the collection data period.
This fact is assumed to favor our model in terms of its predictability.
As a comparison to the improved model, the RSSI parameter is also
computed by our base model presented elsewhere [31]. It is observed
that the inclusion of the ASTD as an independent parameter plays a key
4

role to its improvement comparing to the base model. Fig. 6 shows the
comparison between the observed, i.e. the blue line, base, i.e. red line
and improved, i.e. yellow model. Our improved model achieves an 𝑅2

parameter of 70.5%, which quantitatively supports its statistical signif-
icance. Qualitatively, it can be shown from Fig. 6 that the predicted
parameters have a very good fit with the observed ones, even in harsh
RSSI value differences as during the morning of the February 23th.
Two minor failures are observed during the midday of the 24th and
25th of February where the model seems to underestimate the observed
RSSI values. Overall, the improved model achieves a significant linear
correlation coefficient of 0.78 with the observed values as compared to
0.73 of the base model.

The exact validation procedure is followed for the period from 7 to
11 of March 2020, where again our model proves its ability to make
legitimate predictions for the RSSI parameter. Fig. 7 shows the compar-
ison between the observed, base and improved models. Qualitatively,
the improvement of the predictability of our model is apparent as
compared to the base model which overestimated the RSSI parameter
throughout the whole period, except two peak values observed during
midday of 10th and 11th of March. The linear correlation coefficient
comparison is slightly better for the improved model, i.e. 0.81 com-
pared to 0.79. However this validity check has to do mainly with how
good the model follows the general trend of the real measurements.
As already stated, the base model has indeed an adequate correlation
with the observed values, however it fails to accurately predict the
real values. Finally, the improved model during this period exhibits
less accuracy in terms of its 𝑅2 parameter, i.e. 66%; however, it is still
reliable for bulk estimations.

4.3. NAVSLaM 𝐶2
n predictions

A maritime environment exhibits different atmospheric phenom-
ena and specialized models are required for atmospheric turbulence
predictions in such an environment, as compared to predictions for
a terrestrial one. This paper utilized such a model, i.e. NAVSLaM, to
predict the 𝐶2

𝑛 strength along the propagation path of the link based on
point measurements of macroscopic environmental parameters. Special
attention is given to the effect of the air–sea temperature difference,
since this parameter is found to have a significant impact to the
turbulence behavior [35]. By solving Eqs. (4) and (5) in an iterative
process, we estimated the 𝐶2

𝑛 during both validation periods and as a
comparison we also estimated the 𝐶2

𝑛 utilizing other empirical models
that are not focused on a maritime environment [34, Eqs. (12,13)]. A
significant disagreement between model predictions is observed, a fact
that justifies the different mechanisms of atmospheric turbulence over a
maritime environment, so that maritime atmospheric turbulence cannot
be predicted by a model focused on laser propagation over land. Figs. 8
and 9 show the turbulence fluctuation over two periods of times, i.e. 20
to 26 February and 7 to 11 March 2020.

The 𝐶2
𝑛 mean value for the first period is approximately 7.5×10−16

m−2∕3, with a minimum of 3.5×0−19 m−2∕3 and a maximum of 3.2×10−15

m−2∕3. The equivalent values for the second period are, 2.2×10−16

m−2∕3, 1.2×10−18 m−2∕3 and 1.2×10−15 m−2∕3. The values plotted in
oth figures are in logarithmic scale and a significant difference be-
ween the empirical models and NAVSLaM is apparent. Specifically,
he prediction based on the empirical models has a mean value of
pproximately two orders of magnitudes higher and as known they
xhibit a diurnal bell-shaped profile, with a maximum value around
idday and minimum around the sunrise and sunset. This diurnal
rofile is not the case for turbulence over a maritime environment as
hown in Figs. 8 and 9.

The 𝐶2
𝑛 predictions over both periods allowed an analysis of the

ffect of the turbulence strength to the received signal. Therefore,
n Figs. 10 and 11 we plotted the RSSI parameter and the 𝐶2

𝑛 in
ogarithmic scale. In both periods, a strong anti-correlated relation was
bserved, demonstrating the deleterious effect of turbulence on the
aser propagation.
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Fig. 3. The highly anti-correlated relation between relative humidity and air–sea temperature difference during the period 24 January to 14 February 2020.

Fig. 4. Observed RSSI and air–sea temperature measurements comparison during the period 24 January to 14 February 2020.

Fig. 5. Comparison between measured from FSO system and predicted from the model RSSI values for the period 24 January to 14 February 2020.

5
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Fig. 6. Observed RSSI parameter as compared to both the base [32] and the improved model for the period from 20 to 26 February 2020.

Fig. 7. Observed RSSI parameter as compared to both the base [31] and the improved model for the period from 7 to 11 March 2020.

Fig. 8. Prediction of 𝐶2
𝑛 over the period from 20 to 26 Feb 20. NAVSLaM model (yellow line) as compared to empirical models [34, Eqs. 12,13].

6
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Fig. 9. Prediction of 𝐶2.
𝑛 over the period from 7 to 11 March 20. NAVSLaM model, i.e. yellow line, as compared to empirical models [34, Eqs. (12, 13)].

Fig. 10. RSSI versus 𝐶2
𝑛 for the period from 20 to 26 February 2020. A strong anti-correlated relation is observed. The 𝐶2

𝑛 is plotted in a logarithmic scale.

Fig. 11. RSSI versus 𝐶2
𝑛 for the period from 7 to 11 March 2020. Again a highly anti-correlated relation is observed. The 𝐶2

𝑛 value is plotted in a logarithmic scale.
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Fig. 12. 𝐶2
𝑛 measurements versus air–sea temperature difference for the period from 20 to 26 February 2020.
Fig. 13. 𝐶2
𝑛 measurements versus air–sea temperature difference for the period from 7 to 11 March 2020.
As previously stated the ASTD parameter value has a significant
impact on the turbulence strength. During the two validation periods,
both stable, i.e. ASTD> 0, and unstable, i.e. ASTD< 0; conditions
occurred. During the first period, i.e. 20 to 26 February 2020, the
ASTD had a mean value of −3.33 ◦C whereas during the second period
the mean value was −0.57 ◦C. As shown in Figs. 12 and 13, as the
ASTD parameter value approached to zero the atmospheric turbulence
strength decreases, whereas for greater absolute values the turbulence
increases.

The atmospheric turbulence is highly height-dependent. The highest
values are observed at zero altitude, whereas significantly lower at
higher altitudes [4]. For positive ASTD values the 𝐶2

𝑛 profile initially
has larger gradient with height near zero height and then becomes less
dependent on height than for negative ASTD values [37]. Fig. 14, shows
the height dependence of 𝐶2

𝑛 for a typical midday and sunset time. It is
obvious that the turbulence strength differs by an order of magnitude
between the value at the surface and a height of 35 m, where our
experimental setup is located. This fact would favor FSO systems in
maritime platforms that are set in the highest possible location.
8

5. Conclusions

In this paper, we proposed a statistical model that significantly im-
proves the accuracy of previous presented ones to predict the received
signal strength of an FSO optical link over a maritime environment. A
commercial FSO communication system and the appropriate weather
station provided the required data. A closed form expression is con-
structed that predicts RSSI parameter based upon point measurements
of local environmental parameters, such as wind speed, air tempera-
ture, humidity, pressure, dew point, solar flux and air–sea temperature
difference. The latter has been found to have a significant impact on
the laser beam propagation over sea. The regression analysis output
showed a significant fit between measured and predicted RSSI values,
that is certified by an 𝑅2 parameter value of 71.1%. A linear correla-
tion coefficient was also used to numerically evaluate their analogy,
i.e. 0.843. We then validated our model and its ability to predict the
RSSI parameter from macroscopic environmental point-measurements,
during two distinct periods, the first from 20 to 26 February 2020 and
the second from 7 to 11 March 2020. Overall, the improved model
achieved a significant linear correlation coefficient of 0.78 with the ob-
served values as compared to 0.73 of the base model for the first period
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Fig. 14. Height dependence of 𝐶2
𝑛 for a typical midday (blue line) and sunset (red line) time.
nd 0.81 as compared to 0.79 for the second period. The goodness of fit
arameter 𝑅2 between the improved model prediction and the observed
alues was 70.5% and 66% for the two periods, respectively. We then
sed the NAVSLaM model to estimate the 𝐶2

𝑛 during both validation
eriods and compared it to other empirical models that are not focused
or a maritime environment; NAVSLaM predicted significantly lower 𝐶2

𝑛
alues with a different diurnal profile from the classic bell-shaped one.
he relation between the RSSI parameter and 𝐶2

𝑛 was also analyzed
nd proved to be highly anti-correlated for both validation periods.
inally, we investigated the relation between the ASTD and the 𝐶2

𝑛 ,
hich showed a clear trend towards lower 𝐶2

𝑛 values for ASTD around
ero and higher 𝐶2

𝑛 values for higher absolute values of ASTD.
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