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Abstract—The future of Earth-to-space communications relies
on the use of higher radio-frequencies and optical frequencies.
For such frequencies, tropospheric turbulence starts to have
deleterious effects, leading to important phase variations and
amplitude scintillation. Those effects can be described thanks
to the knowledge of vertical profiles of the refractive index
structure parameter C>. In this work, two approaches relying
on radiosonde measurements are presented to obtain radio-
frequency and optical C2. Theoretical developments highlighting
the contribution of humidity to radio-frequency scintillation
are presented. This contribution is also illustrated with high
resolution radiosonde data at Trappes (France) and Hilo (HI,
USA). Obtained C? profiles are in agreement with the literature
and will be validated with measurements at millimeter waves in
the future.

Index Terms—Tropospheric scintillation, optical turbulence,
millimeter waves, Free Space Optics, radiosonde.

I. INTRODUCTION

Propagation of electromagnetic waves for ground-to-
satellite communications is impacted by Earth’s atmosphere,
leading to several well-known effects: attenuation of the
signals due to gases and hydrometeors, depolarization of the
waves, or scintillation. Scintillation arises from variations
of the atmospheric refractive index along the propagation
path due to atmospheric turbulence. It leads to fluctuations
of the received amplitude and phase of the electromagnetic
waves. At radio-frequencies above a few GHz (e.g. including
millimeter waves and microwaves), tropospheric scintillation
starts to have important effects, especially for low-elevation
angles [1f], [2].

In order to characterize and predict scintillation effects, sev-
eral models describing the scintillation variance ai have been
developed. Statistical models of 0'>2< and its distribution have
been presented [3[], [4]. Other models rely on the refractive
index structure parameter C2, linking the scintillation variance
to a C?2 profile of the altitude with [5]

k7/6
(Sin(‘g))u/ﬁ height
where o2 is expressed in dB?, k = 27” with \ the wavelength,
z is the altitude above ground and 6 is the elevation angle.

ai = 42.48 C2(2)2°/%dz, (1)

Hence, description of tropospheric scintillation is achieved
thanks to the knowledge of C? profiles. Following the work
of Tatarskii, C> models involving meteorological quantities

such as pressure, temperature and humidity have been pre-
sented [6], [7]. In order to obtain those meteorological data,
radiosondes are often used [8]. Alternatively, due to the low
resolution of radiosonde data, probabilistic approaches were
developed [9], [[10]. However, in recent years, high resolution
radiosonde measurements are becoming available worldwide,
sometimes offering a vertical sampling distance smaller than
10 meters in the troposphere. They are thus of particular
interest to revisit C’EL models based on radiosonde data [1].

Furthermore, major progress has also been made recently
for characterizing optical turbulence and scintillation, espe-
cially for ground-based astronomy [11] and for free space
optical (FSO) communications [[12]]. Since optical scintillation
has the same origin as radio-frequency (RF) scintillation, both
fields can benefit from each other. Comparison between RF
and optical C’fl has been conducted in [[13]] and [14], showing
that most differences are related to humidity fluctuations. In
this paper, a further attempt to merge those two domains is
presented, providing a simple C2 model that can be applied
to both fields.

Section [l provides the mathematical developments leading
to the definition of the refractive index structure parameter
C2. 1t also presents the main differences between radio-
frequencies and optical frequencies. Then, Section |I1I| details
two different models to extract C2 based on its statistical
definition. Finally, those models are applied to radiosonde
measurements at Trappes (France) and Hilo (HI, USA) in
Section [[V]

II. THEORETICAL DEVELOPMENTS

The atmospheric refractive index n can be expressed as a
function of macroscale atmospheric quantities [[15]]

77.6
n=1+10""° - <p+

48106) 7 @)

T

where T is the temperature in kelvin, p is the atmospheric
pressure in hectopascal and e is the partial pressure of water
vapor in hectopascal. Equation (Z) is an approximation of
a more general expression presented in [15], valid only in
the temperature range from -50 to 40°C. This range ap-
proximately corresponds to temperatures observed in Earth’s
troposphere and stratosphere. Furthermore, in the following,
will be referred to as the refractive index definition for
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radio-frequencies, valid for frequencies ranging from 1 MHz
to 30 GHz [16]. It is also often adapted to express the
refractivity N, defined by N = (n — 1) x 10°.

Fluctuations of the refractive index are related to fluctua-
tions of temperature, water vapor and pressure thanks to [[17]]

dn dn dn

dn = S2ar —d —d 3
n = Jpdl+ + o 3)
Defining the following quantities
dn 77.6 9620e
= — = 1076 4
“Tar 0T (p T ) ’ @
dn _63.73 x 10°
b = % = 10 7 (5)
dn 77.6
= —— =107 _= 6
€= B 0" (6)

and denoting deviations from the mean by n’/, T”, ¢’ and p/,
the fluctuations of n are given by [17]

n =al’ +be' +cp. 7

The definition of the refractive index structure function
Dy (p) is

Dalp) = ((0'(r+p) = n'(r)*), ®)

with r the position in space and p = |p| the distance
separating the two points where the structure function is
evaluated. The notation (-) depicts the mean, expressed as
an ensemble average. Equation relies on the local homo-
geneity and isotropy hypotheses of the refractive index field
[5]. Equivalently, expressions for the temperature structure
function Dr(p), the partial pressure of water vapor structure
function D.(p), and the pressure structure function D, (p)
are obtained, as well as expressions of the cross-structure
functions (e.g. Dre(p), Drp(p), etc.).

Using (7), the refractive index structure function can be
related to other structure functions, as detailed in [17]],

Dy (p) = a® Dr(p) + b* De(p) + ¢ Dy(p)
+ 2ab Drc(p) + 2ac Drp(p) + 2bc Dep(p). (9)

This result is of particular interest to determine the link
between the structure parameters of the different quantities.
Indeed, according to the Kolmogorov theory of turbulence [5],
[6], the refractive index structure function is equal to

Dy(p) = Cy, p*/* (10)

in the inertial range, with C2 being the refractive index
structure parameter at radio-frequencies. Assuming a similar
form for the other structure functions and using @), CEL can
be expressed as

Ch=a®> CF+ b C2+ & Cp*+

+2ab Cre + 2ac Crp + 2bc Cep,. (11)

Equation (11) is presented in [17]], and, as already pointed
out by [18]], is valid as long as the dependency in p is the
same for all structure functions (hence, not necessarily p?/3).

Pressure fluctuations are found to be one order of magni-
tude smaller than temperature or humidity fluctuations [[16],
[17). Therefore, they are usually neglected in (IT)), leading to

C? =a® C2 4+ b* C* + 2ab Cre. (12)

This last results is often found in the literature, sometimes
expressed with the specific humidity ¢ [kg/kg] instead of the
partial pressure of water vapor e [13]]. These two quantities
are linked by e = 1.62 pq.

Nevertheless, in a recent paper, Cherubini recommends the
use of conservative additives when expressing the refractive
index structure parameter [[7]. In this case, the temperature T’
must be substituted by the potential temperature 6, using the

following relation
R/cp
()"
p

where pg is the reference pressure equal to 1000 hPa, R is
the ideal gas constant, and c, is the specific heat capacity at
constant pressure. Similarly, the specific humidity g is used
instead of the partial pressure of water vapor e. Equation (3)
now reads

13)

dn dn dn

dn = —df —d —dp, 14
n a0 + + dp (14)
and is adapted accordingly:
n = A0 + Bq +cp'. (15)
New quantities A and B are defined by
g dn_dndr o (p\Te 16)
o de AT df T \ po ’
dn dnde
=—=——=1.62 1
dq de dq 62 pb. an

Following the same approach as above, and neglecting
pressure fluctuations, C2 is finally found to be related to C3,
C? and Cy, by

Cr = A Cj + B® C2 + 2AB Cy,. (18)

This result compares to the one obtained for optical wave-
lengths in [7]] using a slightly different approach. Indeed, at
optical frequencies, the refractive index is given by [|16]

77.6 7.52 x 1073
Nopt = 1+ 1076 T P (1 + )2 > ’ (19)

80
6 =P (20)

~1+10"

where the approximation is valid for a wavelength A equals

to 0.5 pm. Since humidity does not influence the optical

refractive index, optical C2 .opt 18 directly related to C? by
02 - A2 C‘g 5

n,opt

ey
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with A = % now computed with the definition of the

optical refractive index ngp. This gives

80 x 10-%p\ ? /dT\?
C?z,opt = <T2p) (d&) C; (22)
80 x 105p\°
= <T9p> C. 23)

that is exactly the result presented in [7], where it is derived
from the Tatarskii C2 model.

In the following section, (Z) and (I8) will be used to
compute the refractive index structure parameter C? at radio-
frequencies, while and will provide the optical

refractive index structure parameter C’%_Opt.

III. PRESENTATION OF 0721 MODELS

In this section, two C'2 models depending on the theoretical
developments presented in Section [[I| will be discussed. They
are inspired from [19] and [20]. Both models require high-
resolution vertical profiles of pressure, (potential) temperature
and specific humidity, usually acquired thanks to radiosonde
measurements.

A. Direct model - computation of C?

Starting from high-resolution radiosonde data, vertical pro-
files of pressure, temperature, and specific humidity are re-
sampled to a desired vertical resolution, with spacing Az.
From these profiles, the refractive index profile is computed
either with (IZI) or @]) Next, using a vertical window average,
the refractive index mean is extracted and the refractive index
fluctuations n’ are obtained. Assuming to be in the inertial
range, computation of D,,(p) based on fluctuations n’ enables
to estimate C? thanks to and :

(' (r+p) = (1))

cn = p2/3

(24)

In practice, the ensemble average in (24) is substituted by a
spatial three-points average. It also includes a multiplicative
calibration factor ¢, whose origin is further discussed in the
next section.

In the following of this work, this model will be referred
to as the direct model since the refractive index is computed
first, and then C? is extracted. It will be applied to radio-
frequency and optical turbulence, depending on the chosen
refractive index definition.

B. Indirect model - computations of Cg, C'q2 and Cpyq

Instead of relying on the refractive index expressions (2]
and (20)), expressions of C2 and can be used. In this
case, knowledge of vertical profiles of potential temperature

and specific humidity enables to estimate Cj, C’q2, and Cly,,

as done in for the refractive index. Indeed, fluctuations
of 0 and q are first computed, then substituted to n’ in (24) to
obtain the desired structure parameters. As an example, Cy,
is obtained thanks to

((0"(r +p) = 0'(r) (¢'(r + p) —d'(r)))

273 (25)

Coq =

Finally, computed structure parameters are introduced in
or (23). This is why this model is referred to as the

indirect model.

IV. APPLICATION TO RADIOSONDE MEASUREMENTS

Both models (direct and indirect) have been applied to high-
density radiosonde measurements at Trappes (France) and
Hilo (HI, USA) for the year 2020. Data are publicly accessible
on the University of Wyoming (UWYO) Atmospheric Science
Radiosonde Archive] Radiosondes offer a vertical resolution
of approximately 10 meters and are launched twice a day (at
00h00 and 12h00 UTC). For each launch, C,QL profiles are
computed with a vertical spacing Az = 200 m. Over the year
of 2020, a total of 630 profiles have been computed at Trappes
and their average is depicted in Fig. [I] At Hilo, 690 profiles
have been computed and averaged to get the results presented
in Fig. [

Both figures depict the average C? profiles computed
with the different models, either at radio-frequencies (RF)
or optical frequencies (Opt.). For comparison, the Hufnagel-
Valley 5/7 (HV-5/7) model has been added. It is an optical
C? model whose definition is [[12]

w\2 /s z \10 z
(2) = 0.00594 (E) (W) P (_ 1000)
~16 < z

+2.7 % 10 B exp ( 1500) + Aexp ( 100), (26)
with z the altitude, w = 21 m/s the root-mean-square high
altitude wind speed, and A = 1.7 x 10~* m~2/3 the ground
C?2 value. The HV-5/7 model has been used to calibrate the
optical C2 model at Trappes in the region between 1 and
4 km of altitude. Indeed, it has been observed that the average
computed optical C? profile has exactly the same slope as the
HV-5/7 profile in this region, and quantitative agreement has
been achieved by adding a multiplicative factor ¢ = 2 in front
of (24). This same factor has been applied to Hilo radiosondes.
Its origin may be related to the validity of the inertial range

assumption required for to hold, and will be explored in
future work.

02

n,0pt

As a first observation from Figs. [T|and 2] direct and indirect
models provide the same results, showing the consistency
of mathematical developments of Section Furthermore,
the role of humidity fluctuations is clearly identified when
comparing RF C2 and C7 . It correlates well with the
average relative humidity profiles depicted on the right of
both figures. Indeed, humidity is mostly located in the lower

Uhttp://weather.uwyo.edu/upperair/bufrraob.shtml
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Fig. 1: Average profiles at Trappes for the year 2020.
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Fig. 2: Average profiles at Hilo, HI, for the year 2020.
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atmospheric layers, impacting C2 in those layers. Starting
from slightly below the tropopause (located at ~ 12 km at
Trappes and ~ 16 km at Hilo), C2 and Cz’opt are equal.

This difference between RF C7 and optical C7, , profiles
has already been identified by [14]]. Using a VHF radar,
measurements of RF C? profiles have been acquired, while
removing humidity effects leveraged C’prl. In [[13]], ground
measurements of optical and millimeter wave C? showed a
difference of two orders of magnitude between both values.
This is consistent with the differences between modelled C?

and C’Z’opt near the ground for both locations.

Other differences between average C? profiles at Trappes
and Hilo include the altitude of the tropopause and the
presence of isolated turbulent layers. Tropopause altitude at
Trappes is close to 12 kilometers as seen from the bump in the
C?2 profile. At Hilo, the tropopause is above 16 km of altitude.
In both cases, there is a mismatch with the HV-5/7 profile
explained by the difference in locations, since the Hufnagel-
Valley model is based on measurements performed in New
Mexico, USA, and not at Trappes or Hilo. Regarding Hilo,
there are often strong temperature inversion layers arising
around 2 kilometers of altitude. This induces a peak in the
C? profile, and thus in the (average) C2 profiles at radio and
optical frequencies.

V. CONCLUSION

Two approaches enabling to estimate C? profiles at radio
and optical frequencies have been presented. They rely on
the statistical definition of the refractive index structure pa-
rameter, and enable to obtain time- and location-dependent
profiles determined by meteorological quantities (i.e. pressure,
temperature, and humidity).

The approaches have been compared and applied to high-
density radiosonde observations at Trappes (France) and Hilo
(HI, USA). Based on the obtained results, differences between
C? profiles at radio and optical frequencies have been found
to be related to humidity fluctuations in the lower atmospheric
layers.

At the date of publication, the C2 model at optical fre-
quencies has been validated with measurements. This will be
the topic for a future publication. However, as part of future
work, validation of the radio-frequency C2? model will also
be conducted. It remains challenging since no scintillation or
C? profile measurements are available at sites where high-
resolution radiosonde observations have been collected [/1].
Furthermore, sensitivity studies to the accuracy of temperature
and humidity measurements will also be conducted.
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