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Abstract

The use of lasers for satellite communication has recently become
a growing �eld. However, a major challenge in their use is the
distortion caused by the atmosphere. The distortion that this study
focuses on is optical turbulence. The strength of optical turbulence
is related to 
uctuations in the refractive index of air and is generally
described by C2

n. There is a growing body of literature that aims
to measure this C2

n. One of the methods uses radar, and works
by receiving backscattered echoes from turbulent eddies under
clear-sky conditions, also known as Bragg scattering. This thesis
investigates whether this method, that has so far only been applied
to pulsed Doppler weather radars, can also be used with an S-band
Frequency-Modulated Continuous-Wave (FMCW) radar.

In this work numerical radar data were used to �lter out noise and
isolate Bragg scattering. When only clear-sky days in June were in-
cluded, the results from the 12 selected days showed an average cor-
relation of 0.48 when compared with scintillometer validation data.
This is higher than the correlation coe�cient of 0.34 found using the
pulse-Doppler radar method. However the results also showed a large
systematic error, which was found to be related to calibration issues
of the used radar. Because this error remained relatively stable over
time, a correction factor could potentially be applied to compensate
for it. Overall, the results indicate that it is possible to measure opti-
cal turbulence using vertical re
ectivity measurements from a FMCW
radar, although further research and improvements are needed before
the method can be used operationally.
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Introduction 1
In 1960 the �rst working laser was demonstrated and since then, the technology
has developed substantially [1]. Nowadays, it is used in multiple �elds such as
communication, remote sensing, weaponry, imaging, medical diagnostics and surgery,
entertainment, space exploration, and many more [2]. This thesis focuses on the use of
lasers in the �eld of communication, in particular laser satellite communication. The
use of laser for this application has recently become a growing �eld because of the
advantages compared to radio frequency (RF) communication. RF is facing growing
challenges as demand for data transfer continues to rise in our data-driven world. With
the RF spectrum being limited and becoming increasingly saturated, it may not be
able to keep up with this growth. Laser communication could be part of the solution,
providing higher data rates, greater security due to its low probability of interception,
and lower power consumption [3]. Recent achievements in this �eld include NASA's
successful laser link during the Artemis II mission in April 2026. During line of sight,
it was possible to transmit high-de�nition video from the Orion spacecraft to Earth [4].
In the Netherlands, the �rst successful space to ground link took place in January 2025
by TNO and its partners, using a CubeSat-compatible laser terminal and the ground
station in The Hague [5].

However, these achievements by NASA and TNO are only possible under certain
weather conditions, since the state of the atmosphere plays a major role in how a laser
beam propagates. As the beam interacts with atmospheric constituents, several forms
of distortion can occur. The focus of this thesis is on one particular type of distortion:
optical turbulence. The amount of optical turbulence is linked to 
uctuations in the
refractive index of air, and is generally described by C2n . More detailed information
can be found in the physical background (Chapter 2). Research has been conducted
to measure and predict C2

n using various methods. In the literature review (Chapter
3), these existing methods are grouped and compared based on both qualitative and
quantitative factors. The following methods are examined: Weather Research and
Forecasting (WRF), starlight methods (in particular CO-SLIDAR), Light Detection
and Ranging (LIDAR), scintillometers, balloon-borne instruments, sonic anemometers,
and Radio Detection and Ranging (RADAR). From this literature review, one of the
most important �ndings is a method that uses radar. This method works by receiving
a backscattered echo from turbulent eddies during clear-sky conditions, also known
as Bragg scattering. So far, this method has only been applied to a pulse-Doppler
weather radar, and it has not yet been investigated whether other S-band radars, such
as the PARSAX FMCW radar, are capable of measuring C2n using a similar approach.
This led to the following research question, which is addressed in this study: Is it
possible to measure optical turbulence C2n using re
ectivity measured in the vertical
direction by the S-band PARSAX radar?
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First in Chapter 4, a feasibility study is performed using images of the radar
data. The goal of the feasibility study is to �nd a �rst indication that signals due
to Bragg scattering can be detected with a S-band radar and whether they could be
relevant for retrieving C2

n . Another objective is to identify which unwanted signals are
present in the radar return and how they could be separated from the Bragg scattering
signals. In addition, the study investigates to what extent the measurements are
performed within the inertial subrange. In the main research, the unwanted signals
identi�ed in the feasibility study are removed using numerical data processing. Several
�lters are applied, each speci�cally designed for a particular type of unwanted signal.
After �ltering, the re
ectivity Z is translated into a value for C 2

n and compared with
scintillometer data for validation. Chapter 5 presents the complete methodology of
the main research. The results are presented in Chapter 6, followed by the discussion
in Chapter 7 and �nally the conclusions and recommendations are given in Chapter 8.
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Physical background 2
This chapter presents the relevant physical background. It begins with the role of the
atmosphere in laser communication. The di�erent atmospheric losses are introduced,
and it is clari�ed in which conditions optical turbulence is a relevant loss and when
it can be neglected. Furthermore, a more physical description of optical turbulence,
including the Kolmogorov theory, inner and outer scales, and power spectrum is given.
Finally, the e�ects on the laser link of optical turbulence and possible mitigation
techniques are discussed.

2.1 Atmospheric e�ects on laser communication

The state of the atmosphere plays a major role in how a laser beam propagates. As the
beam interacts with atmospheric constituents, several forms of distortion can occur.
The most important ones for communication purposes are absorption, scattering, and
optical turbulence. In this thesis, the focus is on the last. It is only relevant to study
this loss if it has a relatively large e�ect compared to the other losses. Therefore, an
overview is given of which loss is dominant under di�erent weather conditions [2].

2.1.1 Absorption, scattering, and optical turbulence

Absorption

One of the losses due to the atmosphere is absorption. When a photon interacts with
a gaseous molecule of the atmosphere, the energy of the photon is converted into the
molecule's kinetic energy, thereby heating up the atmosphere. The extent of the inter-
action between the laser light and the atmosphere depends on the relative size of the
wavelength and the atmospheric particles [6]. In this comparison the wavelength refers
to the wavelength outside of the particle. In general, absorption is strongest when this
outside wavelength is comparable to the size of the particles [7].

Scattering

A second loss that a laser beam can experience is scattering. This happens when the
laser light interacts with the atmosphere and the light is forced to deviate from its
initial trajectory. The light will propagate in di�erent directions, and therefore usually
less light will reach the receiver.
There are two main types of scattering that occur due to particles in the atmosphere:
Rayleigh scattering and Mie scattering. Rayleigh scattering takes place when a

3



particle is much smaller than the outside wavelength of the laser and Mie scatter-
ing takes place when the particles and the outside wavelength are comparable in size [2].

Optical turbulence

The third e�ect that distorts the propagation of light in the atmosphere is optical
turbulence. The amount of optical turbulence is linked to 
uctuations in the index
of refraction of the air. These 
uctuations are primarily driven by thermal (heating)
and mechanical (wind) processes in the atmosphere [6]. Because of this the amount
of turbulence varies with, for example, location, altitude, and time of the day. For
example, when the sun heats the surface of the earth the resulting convection causes
large temperature variations and the optical turbulence usually becomes stronger. In
contrast, in a stable windless atmosphere, the turbulence is typically much lower.

2.1.2 Kolmogorov turbulence theory

Structure function

C2
n indicates the strength of the turbulence, but it is not su�cient to fully describe op-

tical turbulence. This is because turbulence e�ects also depend on spatial separation.
To include this behaviour the structure function is used. Structure functions are closely
related to covariance (and correlation) functions, as both describe variability between
two points in a �eld. Structure functions are generally used in this �eld because co-
variance functions assume that the underlying process is stationary, which is often not
the case for atmospheric parameters such as C2

n [6][8].
The refractive-index structure function Dn (R) works by averaging the squared dif-

ference in refractive index n between two points separated by a distance R and is
de�ned as

Dn (R) = h[n(0) � n(R)] 2i [2]: (2.1)

Kolmogorov theory

The widely used Kolmogorov theory describes the relation between the refractive-index
structure function Dn (R) and the spatial separation R and is given by

Dn (R) = h[n(0) � n(R)] 2i = C 2
nR2=3; l0 � R � L 0: (2.2)

It states that the structure function follows a R2=3 relation and includes C2
n as the

scalar measure of how turbulent the atmospheric 
ow is. In the 1940s, Kolmogorov
introduced the foundation of this idea, and since then, a lot of investigation has built
upon this [2].

Inner and outer scale

The l0 � R � L 0 is known as the inertial (sub)range. The L0 is the outer scale of
turbulence and the l0 is the inner scale of turbulence. An important limitation of the
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Kolmogorov theory is that it is only valid in this inertial subrange. Determining the
precise value of this inner and outer scale is challenging. As a result, the techniques
used to identify the inertial subrange vary, and no uni�ed approach exists[2].
Within the inertial subrange eddies are assumed to be statistically homogeneous,
isotropic, and independent of large scale structures. Statistical homogeneity implies
that the mean value of the �eld is constant and that correlations between random 
uc-
tuations depend only on the separation vector between two points, and not on their
absolute location. That it is also statistically isotropic means that this correlation
depends only on the magnitude of the separation vector[9].

Energy cascade theory

The energy cascade theory states that within the inertial subrange, large-scale unsta-
ble air masses break down into smaller eddies, with no loss of energy throughout the
cascade. This cascade is visualized in Figure 2.3. At scale size larger than L0 energy is
injected into this cascade from atmospheric motion. At the other end of the cascade, at
scale sizes smaller than l0, viscous e�ects become dominant and most of the energy is
dissipated as heat. Therefore, this range below is l0 is known as the dissipation range.
Most important is that above L0 and below l0 the Kolmogorov scaling does not apply
any more [6].

Power spectrum

The power spectrum that follows from Kolmogorov's theory represents the distribu-
tion of energy over di�erent scale sizes. To obtain this power spectrum, a conversion
from the structure function to the (spatial) frequency domain needs to be made. This
is a standard used Fourier conversion and can be applied to obtain either a one- or
three-dimensional power spectrum. Following the 2=3 power law of the structure func-
tion, a corresponding one-dimensional power spectrum of refractive-index 
uctuations
is described by

E(�) = C " 2=3� �5=3 ; 1=L0 � � � 1=l 0: (2.3)

Here, C is a universal constant that has been experimentally found to have a value
of approximately 1.5 [10]. Furthermore, " is the turbulent kinetic energy dissipation
rate with units of m2 s�3 , and � is the spatial wavenumber with units of m�1 , which
characterizes the corresponding scale size. The most important element of this expres-
sion is the �5=3 power law of �, as it represents the distribution over the scale sizes
[6].

2.1.3 Dominant loss for laser wavelength

Absorption, scattering, and optical turbulence all contribute to loss on a laser link.
These processes are not constant but they vary with wavelength, atmospheric condi-
tions, and the time of the day. It is therefore important to identify which e�ects are
dominant under given circumstances and which are small enough to be neglected, to
understand turbulence in di�erent scenarios.
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Attenuation

The �rst two phenomena, absorption and scattering, will lead to attenuation, and can
be described by Beer's law. This equation is a way to get a value for the transmittance
� of the atmosphere at wavelength �. This is a unitless value and describes the fraction
of light that passes through the medium. It is given by

� = exp
�

� �(�) L
�
;

(2.4)

[2]
where �(�) represents the extinction coe�cient, L the path length and the prod-

uct �(�) L the optical depth. As discussed in the section above, this �(�) is highly
dependent on wavelength.

Wavelength of the laser

To discuss the dominant losses, a constant wavelength is chosen. In general, typical laser
wavelengths for free space optics are 850 and 1550 nm[6]. This is based on the losses that
they experience but also on other factors such as eye safety and the availability and costs
of related hardware. In severe fog and rainy conditions 850 and 1550 nm experience
nearly identical attenuation e�ects[11]. In more moderate haze conditions, the 1550
nm wavelength performs better compared to 850 nm wavelength [12]. Because of this,
the typical wavelength is 1550 nm in the �eld of laser and therefore this wavelength
will be used to determine which losses are most dominant[13].

Attenuation at 1550 nm

If a wavelength of 1550 nm is considered, to what degree does it experience absorption
and scattering in the atmosphere? Regarding absorption, the wavelength of 1550 nm
lies within one of the atmospheric transmission windows, meaning that absorption by
atmospheric constituents at this wavelength is minimal. Rayleigh scattering is not
relevant for wavelengths above 1000 nm, so this e�ect can be neglected [14]. Mie
scattering is also relatively small in clear sky conditions. However, this is not the
case in the presence of hydrometeors such as fog, haze, rain, or snow. Under such
conditions, the loss increases mainly due to Mie scattering and often becomes the
dominant attenuation mechanism [7, 15].

2.1.4 E�ect of di�erent atmospheric conditions

Mie scattering in clear air, haze and fog

As discussed in the previous section, the amount of attenuation is highly dependent on
the weather conditions [7]. A good representation of this dependency is given in Figure
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2.1, where di�erent weather categories are de�ned based on the atmospheric visibility
range V . This range is the distance that a beam travels through the atmosphere until
its intensity drops to 2% of its original value [16]. A relation that links this range to
the amount of attenuation is given by

� =
3:91
V

�
�

550 nm

� �q

; (2.5)

where � is the atmospheric attenuation coe�cient, V is the visibility in kilometres,
� is the wavelength in nanometres, and q is the size-distribution parameter of the
scattering particles. This latter is de�ned as

q(V ) =

8
>><

>>:

1:6; V > 50 km;

1:3; 6 < V < 50 km;

0:585 V1=3; V < 6 km;

based on the widely used model by Kim [16].

Table 2.1 and Figure 2.1 present the attenuation values under three weather condi-
tions: clear air, haze, and fog. In the situation of clear air, the attenuation in relatively
low [6]. As the weather worsens (haze), attenuation due to Mie scattering increases
and the loss will be larger[15]. The worst weather for a laser beam is fog. In this case,
attenuation is usually the dominant loss mechanism. This problem is so big that it
even slowed the commercial deployment of near-ground laser communication[2] .

Table 2.1: Attenuation and Visibility of clear air, Haze, and fog at 1550 nm

Atmospheric Condition Visibility (km) Attenuation (dB/km)
Clear air 10{50 0.4416 { 0.0647
Haze 1{10 10.12 { 0.4416
Fog 0{1 1698 { 10.12
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Figure 2.1: Attenuation coe�cient in dB/km under di�erent weather conditions [7]

Presence of atmospheric constituents and clouds

One note to this classi�cation is that it is a simpli�cation of the real atmospheric
situation. In practice, there are rain, snow, hail, aerosols, and the presence of clouds.
The term fog is sometimes used to refer to clouds, but this is an oversimpli�cation.
There is a large variety of clouds, with di�erent heights and types, and they a�ect the
signal di�erently. For example, water clouds attenuate the signal more than ice clouds
[17], and for stratocumulus clouds a�ect the signal more than stratus or cumulus
clouds [18]. Therefore, in real life conditions, a critical interpretation of the actual
atmospheric state is required.

Relation to optical turbulence

In the previous section the focus was on losses other than the main topic of this thesis.
The idea behind this is to have a reference whether turbulence is or is not negligible
compared to attenuation losses. Ideally, it would be useful to predict how strong op-
tical turbulence will be under di�erent weather conditions, but this is not yet clearly
described in the literature. However, one interesting result that is found is that attenu-
ation and turbulence strength show an inverse correlation [19]. When attenuation due
to Mie scattering decreases (clear-air conditions), the chance of experiencing stronger
optical turbulence increases and vice versa. This underlines the importance of measur-
ing optical turbulence mainly under clear-sky conditions. It also suggests that studying
turbulence in non-clear sky conditions is less meaningful, since turbulence will not be
the dominant loss mechanism in those cases.
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2.2 Optical turbulence

In this section, the classi�cation, spatial and temporal dependence of C2
n are discussed,

followed by the e�ects of optical turbulence on the laser link and possible mitigation
techniques.

2.2.1 Refractive index structure parameter C 2
n

Fluctuations in the refractive index are generally described by C2n . Stronger turbu-
lence generally leads to larger optical intensity 
uctuations, commonly referred to as
strong irradiance conditions. Conversely, weak atmospheric turbulence typically re-
sults in weaker irradiance 
uctuations. It is considered the most critical parameter to
characterize the e�ects of optical turbulence along the propagation path[2].

Classi�cation of C 2
n

The higher the C2
n , the more turbulent the atmosphere. It is common to link a certain

range of C2
n values to a speci�c turbulence level. However, this is not uniform in the

literature. Di�erent ranges are used, corresponding to di�erent turbulence strengths.
For example, Shah associates weak, moderate, and strong turbulence with representa-
tive C2

n values of approximately 1 � 10�17 , 6 � 10 �14 , and 2 � 10 �13 m�2=3 , respectively
[20]. Andrews and Phillips de�ne weak turbulence as C2n � 10 �17 m�2=3 and strong
turbulence as C2

n � 10 �13 m�2=3 [6]. Furthermore, a more recent book by Andrews
and Beason states that high values of C2n (on the order of 10�12 m�2=3 ) indicate a tur-
bulent atmosphere, whereas low values (on the order of 10�16 m�2=3 ) indicate weak
turbulence [2]. Although the exact boundaries vary in the literature, the classi�cations
are generally in the same order of magnitude, with weak turbulence occurring around
10�17 {10�16 and strong turbulence above approximately 10�13 m�2=3 .

Spatial dependence of C 2
n

The refractive-index structure parameter C2
n varies in space due to atmospheric dy-

namics. This variability is large, however, some basic behaviour can still be identi�ed.
Along a horizontal propagation path over homogeneous terrain, C2n is usually assumed
to be constant [2]. For the vertical dependence, this assumption does not hold. Conse-
quently, many models have been developed to describe the vertical pro�le of C2

n , each
based on di�erent assumptions and applicable to speci�c conditions [6].

One of the most widely used models is the empirical Hufnagel-Valley (H-V) model.
This model is based on standard atmospheric pro�les and assumes land-based, mid-
latitude conditions. The vertical pro�le of this model is de�ned as

C2
n (h) = 0:00594

� v
27

� 2
�

h
105

� 10

exp
�

�
h

1000

�
+2:7�10 �16 exp

�
�

h
1500

�
+A exp

�
�

h
100

�
;

(2.6)
where h is the altitude in meters, v is the wind speed at an altitude of 5 km in

m=s, and A is the ground-level turbulence strength in m�2=3 . The most commonly used
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variant is the H-V 5/7 model, which assumes A = 1:7 � 10�14 m�2=3 and v = 21 m=s
[2].

Temporal dependence of C 2
n

The refractive-index structure parameter C2
n also varies in time due to atmospheric

dynamics. C2
n often shows a daily cycle. An example of measurements that show this

typical cycle is presented in Fig. 2.2. During the day, when the sun heats the surface,
the layer of air near the ground warms and rises. This rising air creates vertical mixing
air in the atmosphere, which results in higher values of C2n . During the night, this
heating does not happen and usually less vertical movement takes place. This leads to
lower C2

n values [2].
It should be noted that this typical daily cycle is not followed every day, as it

depends strongly on factors such as wind, solar heating, and the length of the day.
Because these factors change with the seasons, seasonal di�erences in C2

n can also be
observed [21, 22]. For example, measurements over the South China Sea show that
optical turbulence is strongest in summer, moderate in winter and autumn, and weak-
est in spring. It should be noted that these seasonal patterns may di�er in other regions.

Figure 2.2: One-minute averaged measurements obtained with a scintillometer over 150 m
distance at a height of 1.5 at meter Kennedy Space Center, Florida[2]
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Three-dimensional power spectrum

Building on the one-dimensional power spectrum described in Equation 2.3, the related
three-dimensional power spectrum �n (�) is described by [2]

� n (�) = 0:033C 2
n � �11=3 ; 1=L0 � � � 1=l 0: (2.7)

This expression has a slightly di�erent form than the one-dimensional variant because
of the di�erence in dimensionality. In this three-dimensional power spectrum, the
most important element is again the power law of �, which is �11=3 in this case. For
both expressions, the inertial range, in which the power spectrum is valid, is written
in terms of � using the relation � = 2�=R. The energy cascade, inertial range, and the
(three-dimensional) �11=3 power law are visualized in Figure 2.3.

Figure 2.3: Kolmogorov theory: Cascade theory of the power spectrum [2]

2.3 E�ects of optical turbulence on the laser link

2.3.1 beam wander, beam spread, scintillation, and AoA 
uctuations

The main optical turbulence e�ects on a laser link are beam wander, beam spread,
scintillation, and angle-of-arrival (AoA) 
uctuations. The cause of these e�ects can
be separated according to their dependence on the scale size of the turbulent eddies.
Eddies that are large compared to the beam mainly cause refractive e�ects: the beam
is bent and the wavefront phase is distorted, resulting in beam wander and angle-of-
arrival 
uctuations. Eddies that are smaller than the beam mainly cause di�ractive
e�ects and a�ect the beam through beam spreading and scintillation [2]. This is
visualised in Figure 2.4
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Figure 2.4: Illustration of beam wander due to relative big eddies and scintillation due to
relative small eddies [23]

The four e�ects can also be classi�ed based on where along the propagation path
they mainly originate. Scintillation is caused by turbulence distributed along the
entire propagation path. Beam spread and beam wander are most strongly in
uenced
by turbulence near the transmitter, since distortions introduced at the start of the
link have more distance to develop during propagation. Angle-of-arrival 
uctua-
tions are mainly in
uenced by turbulence close to the receiver. This is important to
consider when using either a downlink or an uplink for satellite laser communication [2].

2.3.2 Laser satellite link budget

For laser satellite communication, turbulence over the whole vertical path is of interest.
Therefore the Fried parameter r0 is often used, which includes the path integral of C2n (h)
from Equation 2.6. With among others this parameter, the turbulence-related losses
can be computed, for which more information can be found in [24]. The computed losses
in dB are included in the laser link budget, to describe the e�ect on the performance
of laser communication. The link budget can be made much more extensive including
all of the e�ects, but for simplicity this simple form is given in Equation 2.8, where PR
is the received power, PT is the transmitted power, G are the gains and L the losses
[25]. The losses due to the atmosphere will be included in this last term.

PR = P T + G � L (2.8)

2.3.3 Mitigation techniques

Furthermore, diversity techniques can be applied. Temporal, spatial, or wavelength
diversity can all improve link performance [20, 26]. Another approach is the use of
coding techniques, such as forward error correction and interleaving. Finally, aperture
averaging can be used, which involves increasing the receiver aperture size [27]. All
techniques have advantages and disadvantages in terms of performance, cost, size, and
complexity. Several of them can also be used simultaneously. For some techniques, such
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as spatial diversity, an understanding and prediction of optical turbulence is relevant.
This, together with the fact that optical turbulence e�ect can never be fully corrected
supports the relevance of studying methods to measure C2

n .

2.4 Conclusion

Altogether, the three main ways in which the atmosphere contributes to losses in the
laser link are absorption, scattering, and optical turbulence. To what extent each e�ect
plays a role varies with wavelength, atmospheric conditions, and time of day. During
non-clear-sky conditions, absorption and scattering dominate the loss, and therefore
studying optical turbulence is less meaningful in those cases. Optical turbulence is
characterized by C2

n and is both time- and height-dependent. The Kolmogorov theory
used in this study is only valid in the inertial subrange, and therefore it should be
checked whether this is the case. Mitigation techniques exist to minimize the e�ect
of optical turbulence, but they can never be fully corrected. All of this supports the
relevance of studying methods to measure C2

n during clear-sky days.
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Literature review on methods
to obtain optical turbulence
C2

n 3
There exist many di�erent ways to obtain C2

n . In this literature review, these di�erent
measurement methods for C2n are compared based on the following comparison factors:
spatial and temporal resolution, range, availability, costs, accuracy, (dis)advantages,
assumptions and limitations. Since it is not possible to discuss every method, only
the most relevant and most commonly used techniques are discussed. The following
methods are examined: Weather Research and Forecasting (WRF), starlight meth-
ods (In particular CO-SLIDAR), Light Detection and Ranging (LIDAR), scintillome-
ters, balloon-borne instruments, sonic anemometers, and Radio Detection and Ranging
(RADAR). The methods are categorized into the following groups: numerical mesoscale
models method, optical methods, in situ methods, and radar methods. For some meth-
ods, a representative method is selected to allow comparison. Furthermore, for some
methods, not all factors are discussed. This is because certain factors are not applica-
ble, not available, or not relevant. Finally, all of this is presented in a summary table.
The goal of this review is to identify a research gap in the measurement of C2

n , that
could provide new insights into the �eld. An extra condition applied to these is that
the system should be available at TU Delft. A subgoal of this review is to identify
which existing systems can be used for validation purposes.

3.1 Numerical mesoscale model method

3.1.1 Weather Research and Forecasting model

One of the methods that is currently used to obtain C2n is through numerical mesoscale
models. This modelling concept was introduced in the optics �eld in 1995 [28], and
since then it has been studied worldwide, leading to the further development of optical
turbulence modelling [29{32]. In the list of methods, this is an odd one, since it is the
only method that does not directly measure C2n . Although several mesoscale models
exist, the Weather Research and Forecasting (WRF) model is considered here as a
representative example.

In the WRF model, the smallest horizontal grid size is typically 1 km x 1 km [33].
The vertical resolution is determined by the number of layers and the thickness of each
layer. It is common to use 30 to 60 vertical layers and to space them in a non-uniform
way. The thickness of a vertical layer should be less than 100 m to capture clear-air
turbulence [34]. Therefore, obtaining C2n at high resolution typically requires the use
of high-performance computing resources, making this method expensive.
For the time resolution, there are two ways to de�ne this: the model time step and the
time interval over which C2

n is output. The time step of the model can be varied, but a
common guideline is time step (s) . 6 � dx, where dx is the grid size in km [35]. The

14



C2
n output interval can also be adjusted, but is often set to 10 minutes [33, 36, 37].

Within these spatio-temporal settings, the accuracy that can be achieved depends,
among other factors, on the quality of the input data used by WRF. WRF is driven
by data such as ERA5, which is based on measurements from weather stations, ships,
aircraft, satellites, and other sources around the world. Since these observations are
not evenly distributed worldwide, the accuracy of the input data, and therefore of the
WRF simulations, is also not uniform everywhere [38].

WRF uses di�erent physics schemes during its simulations. These schemes are
parameterizations and are based on assumptions and simpli�ed representations of
physical processes. These assumptions should be taken into account when interpreting
the results.

An advantage of WRF is that it makes it possible to estimate C2n at locations where
local observations are not available, and that it provides a wide range of atmospheric
variables describing the atmospheric state. A disadvantage of WRF is that it does not
provide a direct way to obtain C2

n [33], that it has a high computational cost and that
it has a relatively steep learning curve.

3.2 Optical methods

3.2.1 Starlight methods used in astronomy

In the �eld of astronomy, there are several methods to obtain the C2n pro�le. One
such method is Slope Detection and Ranging (SLODAR), which uses a double-star
source and measures the cross-covariance of the slopes of the optical phase aberrations
[39]. Another method is Scintillation Detection and Ranging (SLIDAR), which also
uses starlight and analyzes scintillation patterns. A coupled method combining these
two approaches is CO-SLIDAR [40]. Multi-Aperture Scintillation Sensor (MASS)
is another starlight-based method, which measures the scintillation of a bright star
through four apertures of di�erent diameters. However, this method only provides the
strength of the turbulence in speci�c altitude layers [41].

As a representative starlight-based method, CO-SLIDAR is considered. CO-
SLIDAR combines the principles of SLODAR and SLIDAR and therefore generally
provides performance that is comparable to, or better than, these individual methods.
Since MASS does not provide a continuous C2n pro�le, it is less suitable for comparison.

The vertical resolution of CO-SLIDAR is 600 m, and it can measure C2n up to
17 km. The timescale at which C2n is obtained is one minute. The accuracy of
CO-SLIDAR is quanti�ed using the root mean square error (RMSE) and is reported
to be on the order of 10�16 to 10�18 m�2=3 in numerical simulations when compared to
a known reference pro�le [40].
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However, major limitations for the wider application of these methods are that
they can only operate under clear-sky nighttime conditions, require specialized and
relatively expensive hardware, and depend on the availability and successful acquisition
of a suitable star (in some cases a double star).

3.2.2 LIDAR

Light detection and ranging (LIDAR) is used to measure atmospheric turbulence [42{
44]. This method is widely used to measure wind velocity and atmospheric turbulence
pro�les, for example in applications related to air tra�c safety [45]. The use of LIDAR
for measuring optical turbulence, remains limited. Two relevant methods have been
identi�ed in the literature and these are discussed.

LIDAR combined with microwave radiometer method

First of all, a doppler wind LIDAR can be combined with a microwave radiometer,
where the LIDAR measures atmospheric wind velocities and the radiometer provides
temperature and humidity pro�les. By combining these measurements, the refractive-
index structure parameter C2

n can be derived.
The vertical resolution is between 30 and 150 meter, depending on the altitude, and the
results show a range up to a distance of 5 km. The temporal resolution is around 2 to
3 minutes. The accuracy of this method is obtained by comparing it to scintillometer
measurements. The results showed a correlation coe�cient of 0.81, a mean error of
8:18 � 10 �16 m�2=3 , and an RMSE of 1:27 � 10�15 m�2=3 [46].

An advantage of this system is that it can be used during both daytime and
nighttime conditions. However, a limitation of the algorithm that retrieves C2

n is that
it is not suitable when strati�cation is unstable, which is often the case during daytime.
The method assumes Kolmogorov turbulence with a 2/3 power-law scaling, and it is
further assumed that the contribution of humidity to refractive-index 
uctuations can
be neglected. Finally, the costs of this system can be considered as moderate [46].

LIDAR intensity 
uctuations method

Another LIDAR-based approach to obtaining C2
n is based on analyzing intensity 
uctu-

ations in a returned LIDAR signal. These 
uctuations, which arise from Mie-scattered
light re
ected from aerosols, can be used to obtain C2n .
This method has a vertical spatial resolution of 37.5 meters, and can measure up to
a distance of 2000 meters. It has a 10 Hz laser repetition rate and obtains C2

n over
10,000 pulses, so every 17 minutes. The results show consistent trend with the Huf-
nagel{Valley (HV) model, however no numerical accuracy is reported. The system used
for this method is said to be small in size, easy to move and simple to use. However
the system seems to be built for this speci�c research and not widely available. Limi-
tations of the method are that it strongly dependent on aerosol backscattering. When
there are too little or too much aerosols, this method does not work properly. Another
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limitation, is that it only showed result during the night. Furthermore, it assumes
Kolmogorov turbulence and neglects humidity e�ects. Finally, an advantage that holds
for all LIDAR methods, is that it measures optical turbulence in the optical part of the
spectrum, so no or just a minor scale mismatch is present [47].

3.2.3 Scintillometer

It is one of the earliest methods used to measure optical turbulence [2, 48]. A scintil-
lometer transmits a beam of light through the atmosphere, and a detector measures
the resulting irradiance 
uctuations. These 
uctuations are recorded over a certain
time period to determine the variance of the natural logarithm of the intensity �2ln I .
Assuming Kolmogorov, this variance is then used to obtain time-averaged values of the
refractive-index structure constant C2

n by using

C2
n = 1:12 � 2

ln I D 7=3 L �3 ; (3.1)

where D is the e�ective aperture diameter of the receiver in meters and L is the
distance between transmitter and receiver in meters. Typical large-aperture scintil-
lometers (LAS) include the Kipp & Zonen LAS MkII and the Scintec boundary-layer
scintillometers (BLS900 and BLS2000) [49, 50]. The Scintec BLS instrument can
measure over a path length up to 12 km. The LAS MkII up to 20 km, but has a
default distance that is much shorter (890 m), because of saturation e�ects at longer
distances. [49, 50]. The temporal resolution is of around minutes (10 min default), but
can be adjusted to seconds or hours [50].The costs and availability of a scintillometer
can be considered as moderate.

An advantage of this method is that it provides a direct measurement of optical
turbulence. Its main limitations are that only a path-averaged value of C2n can
be obtained and only on the location of the set up. A disadvantage is that the
measurement requires a clear line of sight between the transmitter and receiver. On
the other hand, the scintillometer has the advantage that it can measure 24 hours a
day.
An important point to note is that the technical speci�cations of the LAS state that
it can measure turbulence strengths in the range 10�17 to 10�11 ; m�2=3 , which fall in
the strong turbulence range (see section 2.3) [50]. At the same time, the instrument
assumes a log-normal distribution of irradiance 
uctuations, which is only valid under
weak turbulence conditions [2]. Due to this and saturation e�ects over higher path
lengths, this method is less accurate under strong turbulence conditions and over long
distances. Nevertheless, it is generally regarded as an accurate technique and is often
used as a reference for validating other methods.
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3.3 In-situ methods

3.3.1 Balloon borne instrument

Another method to obtain C2
n is to attach a measurement system to a balloon. One

way is by using data from radiosondes. These are launched worldwide on a daily basis
to measure relatively simple meteorological data [51]. A more accurate, but less widely
available, way is to use more speci�c balloon-borne measurements, such as microthermal
sensors. They are able to measure small and rapid temperature 
uctuations, instead
of only basic meteorological data. They have been used to measure optical turbulence
for over 40 years and are often used as ground truth to validate other measurement
methods [52{54].

These microthermal measurement balloons can achieve a vertical resolution of
about 5 m and reach up to 30 km above ground level. The temporal resolution
of the measurements is said to be poor [55]. Usually, these balloons only measure
the temperature component of optical turbulence and thereby neglect the humidity
component. The method assumes Kolmogorov theory. Each pro�le requires a new
balloon, because of this, costs are quite high in terms of e�ort. The �nancial costs are
hard to �nd and di�cult to compare with other methods.

3.3.2 Sonic anemometer

A sonic anemometer is another instrument that can be used to measure optical tur-
bulence. This instrument uses sound wave travel time between two transducers to
gather temperature and wind data. It can also gather directional information by using
multiple pairs of transducers arranged in a simple geometry. It measures samples at
frequencies of 10 to 60 Hz and multiple samples are used to obtain C2

n , leading to a
temporal resolution of C2

n of 10 to 30 minutes. It is ideal for quite accurate in situ
continuous measurement however, it is limited by its location. The assumptions that
are made using this method is that they assume Kolmogorov turbulence, and the hu-
midity component is neglected. Advantages of a sonic anemometer is that it is easy to
purchase, relative low in costs, and robust [56{58].

3.4 Radar methods

The �nal method discussed to measure optical turbulence is Radio Detection and Rang-
ing, better known as radar. It works by receiving a backscattered echo from turbulent
eddies during clear-sky conditions, also known as Bragg scattering. From the backscat-
ter echo intensity �b, it is possible to derive C2

n using the relation from Ottersten [59]:

� b =
0:38
� 1=3

C2
n (3.2)

where � is the radar wavelength. The radar is primarily sensitive to refractive-index
irregularities at the �=2 scale, so the type of radar determines the scale that is
observed. Research has been carried out using radars from VHF to X-band, and across
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this entire frequency range this relation has been applied [60{62].

The formula linking radar backscatter to C2
n has some assumptions that will be

discussed. First of all it assumes Kolmogorov turbulence, meaning that the �=2
scattering scale must lie within the inertial subrange, and that the turbulence is
homogeneous and isotropic [63]. Furthermore, it assumes that all clear-air echoes
result from Bragg scattering. In practice, the signal often also includes contributions
from other troposcattering mechanisms which means that the classical relation is not
always valid [64]. Finally, the �=2 scale of X-band, and in some cases S-band, does not
always fall within the inertial subrange.

3.4.1 VHF and X-band radar

This section discusses VHF and X-band radars, and why these are not the best op-
tions. VHF measures larger turbulent scales (on the order of meters) due to its long
wavelength. Following the turbulence power spectrum (see Figure 2.3), there is more
energy in these larger scales, so the echo signal is expected to be stronger, which is
an advantage. However, these measurement systems are typically large phased-array
antennas, and the spatial resolution is poorer.

At the other end of the radar spectrum, X-band and higher-frequency radars mea-
sure much smaller turbulent scales due to their shorter wavelengths, and can therefore
achieve higher spatial resolution. However, following the turbulence power spectrum,
there is less energy at these smaller scales, so the Bragg echo signal is expected to be
weaker. Moreover, X-band (and higher frequencies) echoes are far more sensitive to
backscattering from cloud droplets and insects, which makes it more di�cult to isolate
the pure Bragg signal [62].

These drawbacks of VHF and X-band (and higher) do not make them useless, but
they do make them less ideal for measuring optical turbulence.

3.4.2 S-band radar

S-band lies between VHF and X-band and measures turbulent scales of several cen-
timeters. Compared to VHF, S-band observes smaller turbulent scales, so the clear-air
backscatter is weaker but the resolution is higher. Compared to X-band, S-band is
much less sensitive to backscatter from cloud droplets and biological targets, making
it more suitable for measuring mainly Bragg scattering under the right atmospheric
conditions. In the following section, a speci�c method that uses these advantages of
S-band to measure optical turbulence is discussed [65].

S-band Doppler weather radar method using NEXRAD

The representative method for S-band to obtain C2n is from Fiorino and works by re-
ceiving Bragg-scattered echoes from a Doppler weather radar. The weather radar used
in this method is the Next Generation Weather Radar System (NEXRAD WSR-88D),
which is deployed across the United States. NEXRAD performs a full 360-degree
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azimuthal scan in 5 to 10 minutes, during which it samples a large atmospheric volume
on the order of 1015 m3 [65]. Within such a scan, the radar bin sizes are not uniform
but vary from bin to bin, with a minimum range spacing of about 250 m [65, 66].
An advantage of this method is that it uses operational weather radars, which are
widely available and involve no additional cost since they are already in place. Results
showed that this method can capture the overall trend of C2n , which is validated using
scintillometer data [61].

However, this method also has several disadvantages. First of all, the radar mea-
sures a three-dimensional volume, a conversion to a path-integrated value is required
to be able to evaluate the turbulence along an optical link. This conversion is pos-
sible, but determining exactly which radar bins intersect the path is complex due to
the varying bin geometry [67]. Second, when scanning at low elevation angles, ground
clutter reduces the accuracy [61]. Third, the method is only available under clear-air
conditions [65]. Fourth, there is a wavelength mismatch between radar and optical sys-
tems. However a correction for this problem exists [65]. Fifth, the radar measurements
can be in
uenced by large outer-scale eddies. Again for this problem their exists a so-
lution, which corrects re
ectivity contributions from refractive-index gradients outside
the inertial subrange [61, 65].

Figure 3.1: Illustrative overview of the methods to obtain C2
n discussed in this literature

review

3.5 Conclusion

There is a variety of methods to obtain C2
n , of which the following are compared in this

review: mesoscale models, starlight methods, LIDAR, scintillometers, balloon-borne
instruments, sonic anemometer, and radar. An overview of the quantitative compar-
ison factors is given in Table 3.1, and the more qualitative aspects are summarised
in Table 3.2. From these tables, it becomes clear that no method performs ideally in
every aspect. Some methods are expensive, others su�er from limited spatial or tempo-
ral resolution, and some are restricted in terms of availability or operating conditions.
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Because of this, there is no \perfect" method; instead, they together form a pool of
techniques, each suitable for di�erent applications, and in some cases complementary
to one another. This also highlights the value of developing new approaches, as they
can contribute to and expand this pool.

The goal of this review is to identify a method of measuring C2n that has not been
previously investigated. From this literature review, the method used by Fiorino is
especially relevant [65]. His work, in which an S-band radar is used to measure C2

n
presents an opportunity to expand the pool of existing techniques. Fiorino's work has
so far only been applied to a pulse-Doppler weather radar, and it has not yet been
investigated whether other S-band radars are capable of measuring C2

n using a similar
approach. In addition to the relevance of continuously exploring new measurement
techniques, this approach is particularly promising because it can measure a large
atmospheric volume in the vertical direction. Moreover, it does not require additional
costs when integrated into existing S-band radar systems, such as weather radars
or military radars. Another advantage compared to the other instruments is that it
could be used at a ship to measure optical turbulence above sea. Altogether, these
advantages of using radar support the added value of addressing the literature gap in
this study, which concerns the feasibility of using an S-band PARSAX radar to obtain
C2

n . This leads to the following research question: Is it possible to measure optical
turbulence C2

n using re
ectivity measured in the vertical direction by the S-band
PARSAX radar?

Finally, a sub-goal of this review was to identify which methods are suitable for
validation. The results show that balloon-borne instruments and scintillometers are
generally well suited for validation purposes. Other methods are not speci�cally in-
tended for validation, but can still provide valuable information for comparison.

Table 3.1: Comparison table of methods to obtain C2
n with quantitative factors, with colours

indicating good (green), moderate (orange), and poor (red) performance.

Method Spatial Temporal Range Availability Cost

resolution resolution

Mesoscale models (WRF) 1 x 1 km � 10 min 1 Open source HPC

Starlight-based (CO-SLIDAR) 600 m � 1 min 17 km Limited Financial

LiDAR (wind + MWR) 30{150 m 2{3 min 5 km Research Financial

LiDAR (Mie scintillation) 37.5 m 17 min 2 km Research Financial

Scintillometer Path avg � 10 min 20 km Commercial Financial

Balloon-borne instruments 5 m Poor 30 km Single use E�ort

Sonic anemometer Point 10 - 30 min Poor Commercial Low

Radar (NEXRAD) > 250 m 5 - 10 min 1015 m 3 US only Financial
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Table 3.2: Comparison table of methods to obtain C2
n with a summary of the qualitative

comparison factors.

Method Accuracy, (dis)advantages, assumptions and limitations

Mesoscale models
(WRF)

The accuracy depends on input data, such as ERA5. Assumptions
are made in the physics schemes. A disadvantage is that C2n is
not measured directly, while an advantage is that the method can
be applied worldwide.

Starlight-based
methods
(CO-SLIDAR)

The main limitation of this system is its low availability, caused
by the requirement for suitable stars, the need for expensive and
specialized hardware, and the fact that it only works during night-
time.

LiDAR
(wind + MWR)

Shows a correlation of 0.81 when compared to scintillometer mea-
surements. Operates mainly under nighttime conditions, and an
advantage is the little to no scale mismatch with the laser wave-
length.

LiDAR
(Mie scintillation)

This system is small in size but not widely available. Limita-
tions include dependence on aerosol concentration and that it
only works during the night. An advantage is that it has little to
no scale mismatch with the laser wavelength.

Scintillometer Scintillometers provide direct, path-averaged measurements of C2n
at a single height during both day and nighttime. A limitation is
that they require a clear line of sight. The accuracy is generally
good, but degrades under strong turbulence and over long paths.

Balloon-borne
instruments

These instruments can obtain spatially accurate C2
n pro�les and

are often used as ground truth. Its main limitation is that it is
single-use.

Sonic
anemometer

This method is ideal for accurate in situ continuous measure-
ments, but it is limited by its location. Advantages are that it is
easy to purchase, relatively low in cost, and robust.

Radar This method has a wide range and is capable of capturing the
overall trend. However, it does come with several disadvantages,
such as ground clutter, wavelength mismatch and the fact that it
can only be used under clear-sky conditions.
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Feasibility study 4
The purpose of the feasibility study is to verify that Bragg scattering can be used to
retrieve C2

n . A second goal is to �nd out which unwanted signals are present and what
their characteristics are. The third goal is to verify to what extent the measurements
are performed within the inertial subrange. The �rst part of this chapter presents the
feasibility study methodology. The second part presents the observations, including
limitations and support for the main research.

4.1 Radar image data and methodology

4.1.1 Radar image data

The PARSAX radar data are available in several forms. One of them is images, which
are saved for multiple years. This is the type of radar data that will be used for the
feasibility study. Approximately every two minutes an image is saved in which the
re
ectivity is shown up to 7500 meter with time on the x-axis and height on the y-axis.
The re
ectivity is available in both co-polarised and cross-polarised channels. The
most relevant for this study is the co-polarised re
ectivity (ZHH ). Here, HH stands
for horizontal transmission and horizontal reception, meaning that the radar transmits
a horizontally polarised signal and receives the re
ected signal in the same horizontal
polarisation.

4.1.2 Relation re
ectivity Z and C 2
n

The method in this thesis to obtain C2
n with an S-band radar is based on the work

of Fiorino [61], which is discussed in Chapter 2. It uses the intensity of the received
Bragg-scattered echoes to compute C2n . Bragg scattering occurs when the atmospheric
refractive-index 
uctuations have a characteristic scale of approximately half the radar
wavelength. In that case, the scattered waves add constructively, producing an echo
that is strong enough to be detected by the radar. The PARSAX radar has a wavelength
of approximately 9 cm and is therefore sensitive to structures with a size of around 4.5
cm. This is visualised in Figure 4.1, where d represents the structure size (4.5 cm) and �
the radar wavelength. For the feasibility study, the focus is on the relationship between
re
ectivity (dBZ) and C 2

n , including a term that accounts for wavelength dependency.
The complete relationship is discussed in the main research.

C2
n (h; t) / 10 ( dBZ(h;t)

10 ) � � �11=3
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Figure 4.1: Simpli�ed visualisation of Bragg scattering, where atmospheric structures with a
scale of �=2 cause backscattered waves that add constructively [68]

Select clear-sky days

The goal is to �nd Bragg scattering and not precipitation. Therefore, the �rst step
is to select clear sky days. Ten days will be selected. The selection of these days is
done using hourly observations from the weather institute KNMI. The measurement
location closest to Delft is Rotterdam Airport. A dataset containing hourly cloud
cover, expressed on a scale from 0 to 8 is used, in which 0 is no cloud cover, and 8 is
maximum cloud cover. Five days with the least cloud cover in winter and �ve days
with the least cloud cover in summer are selected. To double-check the amount of cloud
cover, photos taken from the EWI building are combined into a �lm covering the en-
tire day. These �lms show mostly blue skies, with short periods of clouds on some days.

Cluster the images

The radar images will be clustered to observe di�erent types of radar re
ectivity and
their daily behaviour. In this way, it may be possible to identify groups of images that
are characteristic of Bragg scattering. One day contains approximately 624 images, so
the total number of images for all ten days is approximately 6240. Clustering them
manually would be very time-consuming and potentially biased. A more e�cient
and reproducible approach is to use a clustering algorithm. This is done using the
torchvision and scikit-learn libraries in Python and consists of the following steps:

1. Load all HH re
ectivity images of the ten selected clear-sky days.

2. Crop the images using the following fractions:

� The top 45% is excluded

� The bottom 6.5% is excluded

� 10% is excluded on both sides

This is done so that only the relevant data (up to 4 km out of 7.5 km in height)
is included and so that the colorbar and axes are removed.
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3. A pretrained Convolutional Neural Network (CNN) model, ResNet18, is used.
Such a CNN is trained on more than one million images and can extract important
features from images. The model is used to convert each radar image into a feature
vector containing 512 features.

4. Next,Principal Component Analysis (PCA) is applied which reduces the 512 fea-
tures to 50 variables. These 50 new variables are formed as a linear combination
of the original variables which capture the maximum variance in the dataset.

5. Each image has a location in a 50-dimensional space. The further images are
from each other, the more they di�er, and vice versa. Clustering of all images is
performed using Euclidean distance in this higher-dimensional space. The number
of clusters can be varied until it provides the best description of the radar data.
Finally, images within the same cluster are relatively close to each other and
therefore look relatively similar.

6. Each image in a cluster is stored in a separate folder.

7. Create a histogram per cluster to determine the times of the day the images occur.

4.1.3 Characterising noise in radar image data

The second part of the feasibility study is the characterisation of disturbances and
noise. This will be done with the help of subject matter experts that work at the radar
department at the TU Delft. This approach is used because they are experienced
in the by-eye inspection and characterisation of features present in the images. For
detection, FlightRadar 1 will be used to be able to con�rm the presence of an airplane.

4.1.4 Validation of inertial subrange assumption

For the reliability of an S-band radar measurement, it is important to verify to what
extent the measurements are performed within the inertial subrange. The PARSAX
radar operates at a frequency of 3.315 GHz, which corresponds to a wavelength of
approximately 9 cm. The structure size that can be observed is on the order of half
the wavelength, so in this case approximately 4.5 cm. To determine if this lies within
the inertial subrange, this last part of the feasibility study investigates the boundaries
of the inertial subrange.

Inner scale

The inner scale de�nes the lower limit of the inertial subrange. Near the ground it
is typically of the order of a few millimeters (2{10 mm) and can increase to several
centimeters with altitude. A generally accepted vertical pro�le of the inner scale is,
however, not yet available [2]. Measurements that are considered representative of

1https://www.flightradar24.com
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Figure 4.2: Visualisation of the outer and inner scale of the inertial subrange

near-ground atmospheric conditions con�rm this scale size [69]. A paper that provides
numerical values for the height dependence states that the inner scale has a value of
about 1 cm at 5 km altitude and about 7 cm at 20 km altitude [70]. From this it
can be concluded that in the lower atmosphere the PARSAX scale size is larger than
the inner scale, but that caution is required at higher altitudes, where the scale that
PARSAX observes may approach the inner scale boundary.

Outer scale

The second limit that is considered is the outer scale L0. It is not a constant value, and
it should be interpreted in order of magnitude [71]. The value varies based on location
and atmospheric conditions. Atmospheric stability and wind conditions can in
uence
the size of turbulent eddies and therefore the outer scale. Vertical motion is suppressed
by strati�cation and gravity, while wind shear can deform eddies. As a result, there is
no universal value for the outer scale. Although these factors in
uence the outer scale,
height-dependent pro�les provide a reasonable indication of the order of magnitude in
which the outer scale typically lies. Three examples of height-dependent pro�les are
presented to estimate the order of magnitude of the outer scale.

The simplest guideline that is often used is that the outer scale is proportional to
height, with L 0 � 0:4h [2]. In addition, more detailed pro�le models exist in which
the outer scale is treated di�erently in the atmospheric boundary layer and in the free
atmosphere. For the boundary layer, an empirically determined pro�le is used that is
speci�cally valid for altitudes below 1000 m, with a vertical resolution of 25 m. This
pro�le is based on radiosonde and thermosonde measurements conducted at several
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astronomical sites and represents an average value. The empirically derived pro�le is
valid up to a height of 1000 m and is given by

L0(z) = 3:21 z�0:11 ;

where z is the alitude in meters [70]. For the free atmosphere, the Coulman �t
provides a simple model for the outer scale as a function of height,

L0(z) =
4

1 +
�

z�8500
2500

� 2 ;

where z is the altitude in meters. This model is valid for the range 2000 to 17000 meters.
It is not universal, as it is an older �t based on SCIDAR and radiosonde observations
from only two locations, namely France (the Observatoire de Haute-Provence) and
Texas (McDonald Observatory). The shape of this pro�le shows a clear peak around
an altitude of approximately 9000 meter. However, it has been shown that both the
shape and the order of magnitude of this height pro�le are comparable to later pro�les
measured at other mid-latitude locations. Since the PARSAX radar is also located at
mid-latitudes, this model is considered suitable for providing insight into the order of
magnitude of the outer scale [72]. In Figure 4.3, the detailed outer-scale pro�les are
presented. Whether the S-band radar falls within this inertial subrange is discussed in
the next section.

Figure 4.3: The pro�le of the empirically determined boundary-layer pro�le up to 1000 meters,
then a region that both models do not describe, and above 2000 meters the Coulman free-
atmosphere pro�le.
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4.2 Observations

4.2.1 Observations of feasibility study

First of all, the observations of the clustered clear sky days radar image data will be
discussed. The clustering model revealed several groups of images.

(a) High-dimensional clustering of radar image data visualised
in a two-dimensional space

(b) An example of an image from
cluster 1, with time on the x-axis
(2 minutes) and range on the y-axis
(7500 meters)

Figure 4.4: Clustering a total of approximately 6240 images out of 5 summer and 5 winter
day images, and an example of a image that appeared in cluster 1

One of the clusters (cluster 1) contained approximately 1,000 images that look
similar to Figure 4.4b. The images show re
ections during a clear sky day, which
suggests the presence of Bragg scattering. However, they can also include other types
of re
ection, such as the deterministic lines at 200 m, 600 m, and 1200 m. Most of the
images in this cluster originate from the three summer days among the ten clear-sky
days. These images show a clear daily cycle when plotted as a histogram. This daily
cycle is comparable to the typical daily cycle of C2n from literature (Figure 2.2) In
Figure 4.5, the histogram is visualised. This similarity in daily behaviour suggests
that the images in this cluster may be related to variations in C2n . These �rst observa-
tions indicates that using the PARSAX radar data for estimating C2

n may be promising.
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Figure 4.5: Feasibility study observation show a daily cycle of images in cluster 1 similar to
the daily cycle of optical turbulence

The second goal of the feasibility study is to characterise noise and disturbance
in radar image data. The following type of noise are characterised: rain, clouds,
interference, noise 
oor that is not correctly compensated, birds and planes. The
results from this is visualized in appendix A. The other clusters show images that are
either fully black or contain these types of noise.

The third goal of the feasibility study is to verify to what extent the measurements
are performed within the inertial subrange. All three height pro�les indicate an outer
scale on the order of meters or larger. An exception occurs at very low altitudes (on
the order of centimeters above the ground), but since a radar system is never located
directly at ground level, this can be neglected. This implies that the observable scale of
4.5 cm lies well within the inertial subrange. This is also concluded by Chilson, when
he measures Bragg scattering with an S-band radar [73].
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Figure 4.6: S-band lies within the inertial subrange

4.3 Conclusion

This feasibility study analysed radar image data from �ve clear-sky days, both in win-
ter and in summer. One cluster, which showed re
ections during clear sky days and
similarities in daily behaviour with optical turbulence, suggests that the images in this
cluster may be related to variations in C2

n . However, noise was observed in the radar
data, making clear that signal processing is needed to �lter these contributions out
in order to isolate the re
ectivity Z caused by Bragg scattering. Furthermore, this
feasibility study con�rmed that the measurements are performed within the inertial
subrange. Altogether, these �ndings provide su�cient support that further research is
valuable, in which numerical data is used so that noise can be �ltered. Therefore, this
will be carried out in the main part of the research.
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Radar system and method 5
This chapter introduces the radar system used in this study and the applied method.
First, the radar and its speci�cations are described. Next, the �ltering steps for di�erent
kinds of noise, as characterised in the feasibility study, are discussed. The �ltered data
is then translated into a value for C2

n . Finally, the method for evaluating C2
n in relation

to the validation data is presented.

5.1 Radar System

This section covers the main system used in this thesis: the PARSAX radar. The
type of data, waveform, and the di�erences compared to the NEXRAD radar will be
discussed. The latter is of particular relevance, as the method used is based on an
approach developed for the NEXRAD radar[61]. The impact of these di�erences is
examined to determine to what extent this processing method used can be applied to
the PARSAX radar.

5.1.1 PARSAX radar speci�cations

PARSAX radar

The Polarimetric Agile Radar in S- and X-band (PARSAX) is the instrument used in
this thesis. It is located in Delft, The Netherlands on top of the 92 m high building
of the Faculty of Electrical Engineering, Mathematics and Computer Science (EWI).
It is a programmable radar developed by the Microwave Sensing, Signals and Systems
(MS3) group. As the name suggests, it is a polarimetric radar. It can simultaneously
transmit two orthogonal signals via two orthogonal polarization channels. Moreover, it
is a Doppler{polarimetric radar, meaning that in addition to dual polarization, Doppler
information is combined, which improves the characterization of targets and is bene�cial
for target identi�cation[74]. The radar can operate in S-band and X-band, however for
this thesis, it is used in S-band con�guration. This is the frequency band that the
radar has operated in during the past few years, so more data is available. In addition,
the X-band is more sensitive to backscatter from cloud droplets, which is considered as
noise.

Available PARSAX radar data

The PARSAX data made available for this thesis comes in di�erent forms: raw data,
numerical data, and images. These di�er in data volume, accuracy, and availability, see
Table 5.1. Understanding the backscattered re
ections is done in the feasibility study
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using the images, because this makes it possible to analyse more days due to the lower
data volume. Filtering and obtaining a value for the path-averaged radar re
ectivity
is done using numerical (netCDF) data because this is more accurate.

Data Data volume Accuracy Availability
Raw data very high High Not stored
numerical Medium Medium Available
images Low Low Available

Table 5.1: Overview of PARSAX data

FMCW radar

The PARSAX radar is a Frequency-Modulated Continuous-Wave (FMCW) Radar. It
works by transmitting a continuous wave modulated in frequency by a repetitive linear
frequency sweep. The frequency over which it does a sweep is Bsweep, and the time that
it takes to do transmit this whole sweep is the sweeptime Ts. The transmitted radar
signal is re
ected by the target and is received by the radar antenna. The time that in
takes to propagate to the target and back (�t), results in a frequency beat di�erence
f b, with this the range can be calculated using

R =
c Ts f b

2 Bsweep
:

where R is the target range, c is the speed of light, Ts is the sweep time and fb is the
beat frequency. A moving target causes a Doppler shift, which results in a phase change
over time. This can be extracted by observing the phase shifts over multiple pulses. In
the case of the PARSAX radar, the sweep time is usually set to 1 ms and typically 512
sweeps are used to extract the Doppler information. Consequently, Doppler information
is obtained every 512 ms. This process is called slow-time Doppler processing [74].

PARSAX waveform

A FMCW radar can use di�erent type of waveforms. For this study the most important
is the standard waveform used by PARSAX, which is the Linear Frequency Modulated
(LFM) waveform. If the frequency change has a positive slope, it is known as an
up-chirp which is visualised in Figure 5.1. A negative slope is also possible, then it is
called a down-chirp. The PARSAX uses the up-chirp for the horizontally polarised
channel and the down-chirp for the vertically polarised channel. These two are used
simultaneously, which is possible due to the waveform orthogonality [75].
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Figure 5.1: This graph shows the waveform of a Linear Frequency Modulated (LFM) signal,
with time on the x-axis and frequency on the y-axis. The red line represents the transmitted
signal, while the blue line represents the received signal. The delay between the two signals
corresponds to the range of the target that caused the echo[76].

Near �eld to far �eld transition

The total electromagnetic �eld of an antenna can be divided into a near-�eld and a
far-�eld region. The radar equation, which is used in the computation of the radar
re
ectivity Z, is only valid in the far �eld. The boundary between these regions can be
approximated by

d2 =
2a2

�
;

where a is the largest linear dimension of the antenna in meters and � is the wave-
length in meters [77]. For PARSAX, the largest dimension is the diameter of the
transmitter, which is 4.28 m. The wavelength of PARSAX is � = 0:09 m. Therefore,
the theoretical near-�eld boundary is approximately 405 m. It is important to note
that this boundary is only an approximate indication of the transition between the
near-�eld and far-�eld regions rather than a precise cut-o� [78]. Due to this, the data
measured below the boundary is not directly useless.

Parallax error

For a radar, such as the PARSAX, where the transmitter and receiver are physically
separated, the beams do not fully overlap, which results in a parallax error. To
account for this, a range-dependent correction can be applied, which mainly a�ects
the re
ectivity close to the antenna [79]. The correction factor f(r) as a function of the
height can be seen in Figure 5.2. This correction assumes perfect alignment and an
antenna separation of D = 3.2 m.
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