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Abstract: In this work, a Gaussian laser beam is propa-
gated through a thermally turbulent region before pas-
sing through a point diffraction interferometer to produce
a circular interferogram. This was done to ascertain how
turbulent windstreams of various wind speeds and tem-
peratures affect a laser beam when directed at different
angles to the beam axis. The interferometric results por-
tray a clear dependence on the angle of application.
That is, deviations away from 90° result in increased
wavefront fluctuations. The refractive index structure
constant, Rytov variance, and Fried’s parameter were
computed to quantify each turbulent model. The attrib-
uted strength regimes of these atmospheric parameters
were in varying degrees of agreement with the interfero-
metric data. These contradictions and resulting conclusions
were discussed in full.

Keywords: turbulence, Gaussian laser beam, point dif-
fraction interferometer, refractive index structure con-
stant, Rytov variance, Fried’s parameter

1 Introduction

The study of the interactions of light within inhomoge-
neous media has been a robust field within the scientific
world [1]. These interactions, known as optical turbu-
lence, occur when light propagates through an inhomo-
geneous medium such as the earth’s atmosphere [2,3]. As
such, the atmosphere exhibits fluctuations in its refractive
index, with its intensity decreasing as altitude increases [1,4].
In addition to these fluctuations, other factors influencing a

beam’s propagation are scattering via dust and fog as well as
absorption via water vapour [5,6]. Refractive index fluctua-
tions are attributed to the turbulent nature of the atmosphere
due to the nonuniformity of its constituent temperatures and
pressures [6]. Although the fluctuations of the refractive
index at a single point in space are small, the accrual of these
fluctuations on light over vast distances is substantial [4,7].
Thus, a laser beam that is propagating through a turbulent
region will experience erratic changes in its wavefronts such
as beam wander, beam spread, scintillation, and beam dis-
tortion [4,8–12].

Airflow is categorized as either laminar or turbulent,
where laminar airflow is characterized by a uniformity in
flow and a velocity that is uniform or changes in a con-
sistent manner, whilst turbulent airflow undergoes unsys-
tematic mixing with nonuniform velocities [4]. Due to the
random nature of turbulence, a statistical model was for-
mulated by Kolmogorov [13]. According to the Kolmogorov
spectrum, refractive index fluctuations occur only within
vortices, known as turbulent eddies, of sizes L0 to l0 with
corresponding velocities of V0 to v0, respectively. The
region bounded by L0 to l0 is known as the inertial sub-
range [4]. Fields such as radar, satellite communication,
remote sensing, military and terrestrial communications
rely strongly on information gathered from the study of
electromagnetic waves propagating through the atmo-
sphere [14–18]. In addition, it has been found that mam-
malian tissue exhibits refractive index variations [19].
Given the above applications, further research into how
light interacts with inhomogeneous media is of utmost
importance. For example, proper modelling may lead to
reduced collateral damage for laser-guidedmilitaryweapons
as opposed to conventional weaponry.

Figure 1 depicts the experimental setup, which will
be discussed in Section 3. The experimental setup is
based on Ndlovu and Chetty’s works [20,21] and was later
modified by Augustine and Chetty on two occasions
[22,23]. The turbulent models used by Ndlovu and Chetty
were a butane-fuelled flame and Dust Off spray, whilst
Augustine and Chetty utilized an automated heating
plate and later a wind tunnel while making an addition
to the equipment by placing a highly sensitive differential
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pressure sensor within the turbulent region [20–23]. Their
work has produced strong results despite being incred-
ibly low in cost compared to other interferometric setups.

2 Theory

Our atmosphere is classified as turbulent near the surface
due to the energetic mixing of gases occurring within.
These energetic mixings yield unsystematic sub-flows
called eddies, with each eddy varying in size and velo-
city. As a result, a specific eddy has an associated refrac-
tive index. The accumulation of eddies over vast dis-
tances leads to an increase of aberrations experienced
on the wavefronts. In the Kolmogorov power-law spec-
trum, it is only amongst eddies of an inertial range K
(rad ·m−1) –which are locally isotropic and locally homo-
geneous – that refractive index fluctuations occur [13,24]:
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whereCn
2 is the refractive index structure constant (m−2/3),

l0 is the inner turbulence scale, and L0 is the outer turbu-
lence scale with values of l0 and L0 near the earth being on
the orders of millimetres and metres, respectively.

The path through which light propagates depends on
whether its medium is homogeneous or inhomogeneous.
In a homogeneous medium with a constant refractive
index, a laser beam will propagate in a straight path to
the receiver with no erratic alterations to its wavefronts. In
an inhomogeneous medium – such as our atmosphere or a
water mass– a laser beam will exhibit various changes due
to the perturbations initiated by the refractive index fluctua-
tions occurring within. The pathway of the laser beam in a
random medium will deviate from its initial aligned path

(beam wander) as well as undergo other alterations to its
wavefront such as energy redistribution/beam spread, loss
of spatial coherence, and irradiance fluctuations/scintilla-
tions [4,25]. Scintillation strengths are commonly charac-
terised using the Rytov variance of a plane wave [4]:
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where L is the beam path length within the turbulent
region and k is the wavenumber. Scintillations are regarded
as weak when σR

2 < 1, moderate when σR
2 ∼ 1, and strong

when σR
2 > 1.

The refractive index structure constant quantifies the
degree to which a medium’s refractive index fluctuates.
Weak turbulence is associated with values on the order of
10−17 m−2/3 and lower whilst strong turbulence is asso-
ciated with values on the order of 10−13 m−2/3 and higher.
Thus, the region of moderate turbulence is 10−17 m−2/3 <
Cn

2 < 10−13 m−2/3 [4]. As mentioned above, the degree of
turbulence is higher at lower altitudes. This results in
higher values of Cn

2 closer to the ground. The refractive
index structure constant is defined as follows [4,13]:
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where P, T, and CT
2 are the pressure (mbar), temperature

(K), and temperature structure constant within the tur-
bulence model. The temperature structure constant is
defined as
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where T (K) is the temperature potential and x0 and x (m) are
the position and separation vector, respectively. The par-
entheses (…) specify a time average, and the separation vector
must be within the order of the inertial subrange [26,27].

Figure 1: 2D front view of the experimental setup.
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When dealing with lasers in a turbulent region, it is
useful to determine the atmospheric coherence diameter
(or Fried’s parameter) r0, which is a measurement of the
quality of the image received and the strength of the
applied turbulence [12,28,29]. Standard values of r0 for
outer space observatories are 5 cm for relatively poor
visual conditions and 20 cm for remarkably good visual
conditions, with an average value potentially being 10 cm
[30]. Hence, values of r0 obtained below 5 cm indicate
strong turbulence. According to Goodman [30], the atmo-
spheric coherence diameter is defined as
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where λ is the wavelength of the beam, z is the propaga-
tion path length within the turbulent region and ξ is an
element of length.

3 Experimental setup

For this work, a 29.4 mW TEM00 He–Ne 532 nm laser
beam was propagated through a turbulent region and a
series of optical components (a spatial filter, an objective
lens, reflective neutral density filters, and collimators)
before striking a point diffraction interferometer (PDI)
to produce a circular interferogram. The turbulence source
used in this experiment was a multi-setting Toni & Guy
1800W hairdryer, as it produces a stream of wind that
maintains a constant velocity and temperature whilst
being low on cost. It features three temperature settings
ranging from around 45°C, 110°C, and 136°C and two wind
speed settings of 5.7 and 8.8m · s−1. It should be noted
that upon decreasing the temperature to the first setting,

the lowest wind speed increases to 6.8m · s−1. The wind
speed was measured using a Brunton ADC Wind 21 cm
away. The mentioned wind speeds correlate with a mod-
erate breeze as determined by the device’s in-built Beaufort
wind scale value of 4. The hairdryer creates several turbu-
lent models by directing its flow at various angles to the
beam axis. The hairdryer was secured on a retort stand to
maintain a constant pressure and temperature profile at the
required angle. Additionally, a concentrator nozzle was
attached to the hairdryer outlet, which allowed a focus
windstream to interact with the laser beam. A sensitive
differential pressure sensor and a TM Electronics manufac-
tured K-type thermocouple rod were mounted at the centre
of the expanded laser beam. The differential pressure sensor
was set to its lowest detection range of 0–0.100 kPa, while
the thermometer, manufactured by Techgear (model code:
TG732TK), detected temperatures at a 1 decimal place pre-
cision in degrees celsius. The ambient pressure was mea-
sured using an Xplorer GLX fitted with a barometer sensor
and was set to a 1 decimal place precision in millibars.
Readings were only taken once the fluctuations in the mea-
sured temperature and pressure within the turbulence
region reduced, which indicated that the system had
reached a maximised stabilisation point. A more detailed
description of each component displayed in Figure 1 can
be found in Augustine and Chetty’s work [22].

4 Experimental procedure

The optical components mentioned above were cleaned
off of any dust that may have accumulated with methanol
and Kimtech Delicate Task Wipers because the presence
of dust dramatically augmented the profile of the inter-
ferograms in the presence of discontinuities due to scat-
tered light falling on the detector. The collimators and

Figure 2: Unperturbed interferogram and its respective cross-sectional intensity profile.
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reflective neutral density filters, 50mm × 50mm × 2.0mm
of 2.5 optical density, were then adjusted along the optical
pathway to produce a focused beam of a reduced diameter
to propagate through a selected pinhole of the PDI. The
reflective neutral density filters served to reduce the inten-
sity of the beam to allow the procurement of a clear circular
interferogram depicting a Gaussian intensity profile that
was then captured by the DSLR camera and projected
onto a nearby monitor. Due to the highly sensitive nature
of the experiment, extreme care was taken to not exces-
sively touch the adjustable height rails and optical compo-
nents once their placements were set. Perturbations were
applied to the laser beam by incrementing the hair dryer’s
temperature and wind speed settings at each prescribed
angle (30°, 60°, 90°, 120°, and 150°). The angle of the hair-
dryer was measured using a large protractor with a thin rod
aligning the hairdryer by swivelling about the protractor
centre. The protractor was firmly attached to an elevated
stand and aligned by a spirit level. The distance between the
beam and the flow nozzle was kept constant by lowering the
hairdryer towards the centre of the said protractor. The
captured interferograms were inspected using image analysis
software “ImageJ” to produce a cross-sectional intensity pro-
file to graphically examine the extent of the fluctuations.

Intensity profiles were then replotted using “Microsoft
Excel” for readability. In Figure 2, an unperturbed inter-
ferogram is portrayed with arrows indicating where the
cross-sectional intensity profile was procured.

During a particular run, pressure and temperature pro-
files were measured simultaneously across the turbulent
region. This was achieved by initially measuring the ambient
temperature and pressure with Xplorer GLX, and then
attaching a K-type thermocouple and a differential pres-
sure tube to a retort stand. The thermocouple and differen-
tial pressure sensor were then placed within the turbulent
region and methodically manoeuvred across the optical
pathway – “Distance (mm)” on the x-axis – in segments of
50 or 100mbar depending on the windspeed setting of the
run. The resulting profiles were used in determiningCT

2 and

Cn
2; and hence, σR

2 and r0. It should be noted that Augustine

Table 1: Measured results for turbulence at 30°

Reading Cn
2/× 10−11 m−2/3 σR

2/× 10−2 r0 (cm)

1 0.97 1.16 1.27
2 15.88 18.95 0.24

Figure 3: Interferogram, intensity, pressure, and temperature profiles at low temperature and low windspeed settings for 30°.
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and Chetty [22,23] maintained a constant separation r in
their calculation of CT

2 due to the set positioning and hence
area of applied turbulence. In contrast, the turbulence width
for this work either broadened or narrowed depending on
the angle and wind speed setting used. Thus, the partition
of the base and the peak of the temperature profiles were
used. Peak values of the pressure and temperature profiles,
together with CT

2, were then used to calculate Cn
2. The now

calculated Cn
2 was then used to calculate σR

2 and r0, where
the path length was 2.52m. Although every precautionary
measure was taken to keep the laboratory as dust-free as
possible by selecting a roomwith no windows, blocking all
ventilation outlets, and continually cleaning the room of
dust, the nature of the applied turbulence created a gust
within the room, resulting in the upliftment of dust parti-
cles that would attach onto the optical components during
each run.

5 Results

Measurements were recorded with ambient temperatures
ranging from 22.2 to 25.6°C and atmospheric pressures of
938.7–955.1mbar. Duringmeasurements for the temperature

and pressure profiles, the door to the room was left ajar to
avoid increasing ambient temperatures. For the sake of
simplicity, the notation “(t/T/s/S)” will be used to indicate
[low temperature/high temperature/low windspeed/high
windspeed].

5.1 30° to the beam

For measured results for turbulence at 30°, see Table 1.

5.1.1 Reading 1 (t/s)

Interferogram, intensity, pressure, and temperature pro-
files at low temperature and low windspeed settings for
30° are given in Figure 3.

Figure 4: Interferogram, intensity, pressure, and temperature profiles at high temperature and high windspeed settings for 30°.

Table 2: Measured results for turbulence at 60°

Reading Cn
2/× 10−11 m−2/3 σR

2/× 10−2 r0 (cm)

3 2.78 3.32 0.68
4 29.19 34.83 0.17

406  Gareth Daniel Enoch and Naven Chetty



Figure 5: Interferogram, intensity, pressure, and temperature profiles at low temperature and low windspeed settings for 60°.

Figure 6: Interferogram, intensity, pressure, and temperature profiles at high temperature and high windspeed settings for 60°.
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5.1.2 Reading 2 (T/S)

Interferogram, intensity, pressure, and temperature pro-
files at high temperature and high windspeed settings for
30° are given in Figure 4.

Table 3: Measured results for turbulence at 90°

Reading Cn
2/× 10−11 m−2/3 σR

2/× 10−2 r0 (cm)

5 3.27 3.90 0.61
6 31.04 37.04 0.16

Figure 7: Interferogram, intensity, pressure, and temperature profiles at low temperature and low windspeed settings for 90°.

Figure 8: Interferogram, intensity, pressure, and temperature profiles at high temperature and high windspeed settings for 90°.
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5.2 60° to the beam

For measured results for turbulence at 60°, see Table 2.

Table 4: Measured results for turbulence at 120°

Reading Cn
2/× 10−11 m−2/3 σR

2/× 10−2 r0 (cm)

7 2.91 3.48 0.66
8 28.24 33.70 0.17

Figure 9: Interferogram, intensity, pressure, and temperature profiles at low temperature and low windspeed settings for 120°.

Figure 10: Interferogram, intensity, pressure, and temperature profiles at high temperature and high windspeed settings for 120°.
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5.2.1 Reading 3 (t/s)

Interferogram, intensity, pressure, and temperature pro-
files at low temperature and low windspeed settings for
60° are given in Figure 5.

Table 5: Measured results for turbulence at 150°

Reading Cn
2/× 10−11 m−2/3 σR

2/× 10−2 r0 (cm)

9 1.35 1.61 1.04
10 16.06 19.16 0.24

Figure 11: Interferogram, intensity, pressure, and temperature profiles at low temperature and low windspeed settings for 150°.

Figure 12: Interferogram, intensity, pressure, and temperature profiles at high temperature and high windspeed settings for 150°.
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5.2.2 Reading 4 (T/s)

Interferogram, intensity, pressure, and temperature pro-
files at high temperature and high windspeed settings for
60° are given in Figure 6.

5.3 90° to the beam

For measured results for turbulence at 90°, see Table 3.

5.3.1 Reading 5 (t/s)

Interferogram, intensity, pressure, and temperature pro-
files at low temperature and low windspeed settings for
90° are given in Figure 7.

5.3.2 Reading 6 (T/s)

Interferogram, intensity, pressure, and temperature pro-
files at high temperature and high windspeed settings for
90° aregiven in Figure 8.

5.4 120° to the beam

For measured results for turbulence at 120°, see Table 4.

5.4.1 Reading 7 (t/s)

Interferogram, intensity, pressure, and temperature pro-
files at low temperature and low windspeed settings for
120° are given in Figure 9.

5.4.2 Reading 8 (T/s)

Interferogram, intensity, pressure, and temperature pro-
files at high temperature and high windspeed settings for
120° are given in Figure 10.

5.5 150° to the beam

For measured results for turbulence at 150°, see Table 5.

5.5.1 Reading 9 (t/s)

Interferogram, intensity, pressure, and temperature pro-
files at low temperature and low windspeed settings for
150° are given in Figure 11.

5.5.2 Reading 10 (T/s)

Interferogram, intensity, pressure, and temperature pro-
files at high temperature and high windspeed settings for
150° are given in Figure 12.

6 Analysis

6.1 Error evaluation

The Bruton ADC Wind quotes an accuracy better than
±5% for windspeeds above 3m · s−1, however, its readings
were not vital in the calculations of the atmospheric para-
meters and may be neglected. Each value of the refractive
structure constants and, hence, the other atmospheric
parameters were averaged and varied by 5.44%. This is
inevitably due to parallax error and estimations occurring
during the horizontal measurements for the temperature
and pressure profiles. The K-type thermocouple quotes a
maximum possible error of 0.25% (±1.5 K)whilst the ther-
mometer cites a maximum error of 0.3% (±1 K). Together,
temperature readings have the highest possible error of
0.55%. The Xplorer GLX barometer sensor cites an error of
approximately 0.11% (±0.03 inHg) –where 1 mbar =
0.02953 in Hg –whilst the differential pressure sensor
quotes the highest possible error of 1% (±0.1 Pa). Thus,
the combined error for the pressure is therefore 1.11%.
Therefore, the total error for this work is 7.1%. As a result,
the corrected ranges for the atmospheric parameters are
tabulated as follows (Table 6):

Table 6: Atmospheric parameter ranges for each temperature and
windspeed variation

Setting Cn
2/ × 10−11 m−2/3 σR

2/ × 10−2 r0 (cm)

(t/s) 2.20 ± 1.30 2.63 ± 1.55 0.97 ± 0.39
(T/S) 24.00 ± 9.25 28.64 ± 11.04 0.20 ± 0.05
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6.2 Discussion

From the interferograms and the respective intensity pro-
files, it is evident that at constant temperature and wind
speed, the extent of aberrations experienced by a laser beam
is highly dependent on the angle of applied turbulence. As
the angle of applied turbulence deviates away from the
normal (90°), the aberrations depicted by the interferograms
and intensity profiles increase. Despite this trend, the inter-
ferometric data (ID) yielded for turbulence setting (t/s) show
minor occurrences of image blur (beam spread) and image
jitter (beam wander) [4]. The amplification of temperature
and windspeed (turbulence setting [T/S]) aggravates the
degree of image blur and jitter. Image blur portrayed in
the interferograms is depicted as energy redistribution in
the intensity profiles. The ID produced for the turbulence
setting (T/S) show an immense increase in wavefront aber-
rations, with fringes being near indistinguishable at the
outer region and considerably diminished and sprawled
in the inner region. The difference in shape (where sym-
metry is to be expected) between the intensity profiles of
readings 2 and 10 is due to the presence of the wall, as
depicted in Figure 1. Airflow for turbulence applied at 30°
to the beam axis is aimed more so in the direction of the
wall. This results in a higher concentration of thermal
energy within the turbulence region. As such, higher wave-
front fluctuations occur.

There is a common trend displayed in relation to the
pressure and temperature profiles. For turbulence appli-
cations 90° to the beam (readings 5 and 6), the pressure
profiles adopt a tall Gaussian formation with the peak
value increasing as the wind speed increases. The corre-
sponding temperature profiles depict sharp peaks, which
amplify as temperature increases and broaden in the
lower temperature region in a logarithmic fashion. This
broadening is due to the obstruction of the granite table
on which the experimental setup rests, as it disperses the
thermally charged windstream horizontally. The ensuing
dispersion allowed for sufficient energy cascade to occur
resulting in eddies on the order of the first Fresnel zone.
Such eddies are predominantly responsible for irradiance
fluctuations, while eddies larger than the beam diameter
induce beam wander [4]. All atmospheric profile peaks
are measurements recorded closest to the turbulence
source. It should be noted that seasonal conditions influ-
enced the formation of the temperature profiles, with
summer/spring periods increasing the ambient tempera-
ture and vice versa for winter/autumn.

The temperature and pressure profiles depict a clear
dependency on the angle of applied turbulence. Deviations
away from the normal give rise to a gradual broadening of

both profile types as well as a reduction in peak values.
With regard to the pressure profiles, the shape not only
illustrates signs of broadening but also indicates a nega-
tive differential pressure, which increases in strength and
broadens in width as the angle of turbulence application
tends to 30° or 150°. This infers the presence of an upward
draft that intensifies as the wind speed increases. The
upward draft is due chiefly to the bottom optical bench
plates rested on the granite table since the wind direction
is downward in nature. Not surprisingly, the shape of
the temperature profiles as the angle deviates from 90°
broadens primarily in the direction of the windstream.
With reference to Figure 1, when 90° > θ ≥ 30° say, the
wind is directed to the left of the turbulent region, creating
a concentration of heat energy to the left as opposed to the
right. This likewise applies to the positioning of the nega-
tive differential pressure regions.

With reference to Table 6, value ranges for the atmo-
spheric parameters were found to be 0.90 × 10−11 m−2/3 ≤
Cn

2 ≤ 33.25 × 10−11 m−2/3, 1.08 × 10−2 ≤ σR
2 ≤ 39.68 × 10−2,

and 0.15 cm ≤ r0 ≤ 1.36 cm. All values obtained for Cn
2

correspond to the strong turbulence regime (Cn
2 ≥ 10−13m−2/3).

An increase in Cn
2 ensues as perturbations advance closer

to the normal, as depicted in Figure 13. This is due to P being
measured perpendicularly to the horizon. In addition, the
incrementation of the temperature and wind speed settings
results in further Cn

2 growth. This strength regime is due to
the steep temperature gradients present in the turbulent
regions (yielding highCT

2 values) and P being directly propor-
tional to the wind speed.

Recalling that weak scintillations are associated with
σR

2 < 1, the values obtained for σR
2 indicate weak scintilla-

tions for all turbulence settings. In addition, σR
2 follows

the same trend across θ as Cn
2 due to proportionality. This

necessitates an increase in σR
2 for the turbulence setting

(T/S). The discrepancy of the strength regime of σR
2, as

opposed to that of Cn
2, is attributed to the short optical

path length within the turbulence region since such mea-
surements are typically obtained over vast distances [22].
All values obtained for r0 indicate poor visual conditions
(strong turbulence), with the extent being proportional to
the strength of applied turbulence. Turbulence settings
(t/s) and (T/S) produce r0 values with percentage differ-
ences of 72.8–88.4% and 95.0–97.0%, respectively, below
the accepted minimum (r0 = 5 cm). Since r0 is inversely
proportional toCn

2, values obtained decrease as the degree
of applied turbulence increases.

Bringing the above together and with reference to
Figure 13, it is clear that as the angle of applied turbu-
lence deviates away from the normal, values of the
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atmospheric parameters subside, given that pressure is
measured vertically. In contrast, the ID obtained undoubt-
edly depicts a rise in the degree of wavefront aberrations
as the angle of applied turbulence approaches 30° or 150°
from the normal. According to the readings obtained for
turbulence applications at 90°, both temperature and
pressure profiles indicate intense yet narrow perturbations
to the beam resulting in higher values in Cn

2. Accord-
ingly, this results in a higher σR

2 and lower r0 by virtue
of proportionality and inverse proportionality, respec-
tively. Although deviations away from the normal result
in a decrease in Cn

2 for the above-mentioned reasons,
there is a broadening of the temperature and pressure
profiles across the optical path length as this shift pro-
gresses. As such, it may be deduced that light propa-
gating through an increasingly broadened temperature
and pressure profile experiences higher degrees of aber-
rations on its wavefront despite the reduction of the
maximum temperatures and pressures, thus confirming
the literature [4,7]. In addition, it confirms the literature
that for a localised region, such as the region perturbed
at 90°, a highly intense turbulence model is needed to
exhibit similar effects to those with weak turbulence
that span over greater distances [20].

The ID are in varying degrees of agreement with the
atmospheric parameter’s strength regimes. The inability
of σR

2 to quantify the strong turbulence associated with
the wavefront aberrations of the turbulence setting (T/S)
is attributed to the use of a Gaussian beam in addition to
the short optical path length [4]. The inability ofCn

2 and r0
to confirm the weak wavefront aberrations of the turbu-
lence setting (t/s) gives rise to two possible outcomes:
that lowest order Gaussian beams propagate well under
strong cool turbulence conditions, or the parameters lack
the ability to account for weak turbulence under low
thermal settings. This may be attributed to steep tem-
perature gradients of the turbulence model (CT

2) and the

fact that 150m is regarded as a short path length for Cn
2,

whilst the general equation used for r0 is employed for
astronomical purposes [30].

7 Conclusion

The effects of a hairdryer functioning as a turbulence source
have been analysed with the use of a point diffraction inter-
ferometer. This produced distinct results compared to those

Figure 13: Relationships of Cn
2 and r0 with θ for each turbulence setting.
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of previous works [20–23]. Perturbations varied in wind
speed, temperature, and angle from the beam axis in a
downward manner. The resulting perturbed interferograms
were analysed using image processing software ImageJ to
achieve subsequent intensity profiles. Pressure and tem-
perature profiles were measured along the optical path
length within the turbulent region in order to properly
model the turbulence. The atmospheric parameters Cn

2, σR
2,

and r0 were then computed.
A visible trend in wavefront aberrations was apparent

as the angle of turbulence deviated from the axial normal
(see Figure 13). Additionally, perturbations for turbulence
settings (t/s) and (T/S) produced weak and strong wave-
front aberrations, respectively. This was in the form of
scintillation, beam wander, and beam spread. For a specific
turbulence setting, wavefront aberrations were minimal at
90° and would progressively increase as the angle tended
towards 30° or 150°. Values for Cn

2 (and σR
2 due to propor-

tionality) decreased as perturbations deviated from 90°,
whilst r0 increased due to inverse proportionality. It was
determined that the increased size of the pressure and tem-
perature profiles spanning the optical pathway as the angle
of turbulence deviated further from the normal was, in part,
responsible for the discrepancy between the ID and the
trends of the atmospheric parameters. The other is that
pressure is measured perpendicularly to the horizon,
resulting in flows being in direct line of sight of the
sensor. This compels higher Cn

2 values due to propor-
tionality with pressure.

The atmospheric parameter strength regimes exhib-
ited varying degrees of agreement with the obtained ID
(Table 7). Cn

2 and r0 classified both turbulence settings in
the strong turbulence regime. Consequently, all r0 values
inferred poor visual conditions. These discrepancies ofCn

2

and r0 – to the weak wavefront aberrations of turbulence
setting (t/s) – are attributed to the short optical path
length and steep temperature gradients or that TEM00

Gaussian beams propagate well in strong cool turbulence.
σR

2 classified both turbulence settings in the weak strength
regime, thus implying weak scintillations. This discre-
pancy to the strong wavefront aberrations of turbulence
setting (T/S)was attributed to the short optical path length
and σR

2 being ill-equipped for use with Gaussian beams.

Future work may entail using water as a random medium
from various accessible sources such as tap, distilled,
river, and beach water. Monitoring these different water
types whilst systematically introducing heat and motion
may produce robust results for analysis. Another experi-
ment may utilize a greenhouse gas at different concentra-
tions, wind speeds and temperatures to gauge the effects
that they may have on received light. As alluded, the
refractivity threshold of the fundamental Gaussian beam
subjected to various strong cool turbulences could be
determined in the future work by altering the turbulence
pathlengths.
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