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Realistic Inhomogeneous Turbulence

Victor Darchy, Rémi Douvenot, Stéphane Jamme, and Héléne Galiégue

Abstract — The marine atmospheric boundary layer
(MABL) is an intricate environment where diverse atmo-
spheric phenomena can affect electromagnetic (EM) sys-
tems. The stochastic multiple phase screen method (sMPS)
is conventionally used to model the impact of tropospheric
turbulence on EM wave propagation. It often relies on the
use of homogeneous Kolmogorov spectra. This study pre-
sents two original methods for generating inhomogeneous
turbulence with sMPS. The LES-Kolmogorov approach
uses accurate turbulent structure constant profiles directly
extracted from atmospheric simulations, while the Bump-
Kolmogorov method (BK model) approximately replicates
it with a parametric model. Log-amplitude profile compu-
tations highlight the specific impact of turbulence inho-
mogeneity. The proposed methods show good agreement,
suggesting the feasibility of an accurate parametric repli-
cation of turbulence in the MABL.

1. Introduction

The marine atmospheric boundary layer (MABL)
is a complex environment where various atmospheric
phenomena can affect electromagnetic (EM) systems. In
particular, tropospheric turbulence results in fine-scale
fluctuations of the atmospheric refractive index that can
introduce perturbations in both the amplitude and phase
of EM signals, thereby inducing additional losses. Thus,
comprehensive turbulence modeling is essential to quan-
titatively assess the influence of the atmosphere on the
propagation of EM waves.

Split-step methods are widely employed for model-
ing long-range propagation within complex media by
solving the 2D parabolic wave equation [1-3]. A vertical
phase screen is applied to the propagated signal to account
for the contribution of the atmosphere. In the case of
atmospheric turbulence, the stochastic multiple-phase
screen method (sMPS) is classically used [3-5]. This is
based on the Tatarskii theory [6], which considers turbu-
lent phase screens as stochastic processes generated from
homogeneous Kolmogorov spectra. However, the MABL
heat and moisture exchanges between the atmosphere and
the ocean surface result in vertical inhomogeneities of
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turbulence that can impact the propagation of EM waves
[7, 8].

The large eddy simulation (LES) is a numerical
method for solving the Navier-Stokes equations, aiming at
capturing large-scale turbulent structures. It can be used to
generate ABLs and study their characteristics [9, 10] and,
therefore, to better understand the impact of atmospheric
turbulence on EM wave propagation [11-13].

The objective of this letter was to compute realis-
tic turbulent phase screens representative of a MABL
using SMPS. An inhomogeneous formulation of the clas-
sical Von-Karman Kolmogorov spectrum was initially
computed from the results of the LES of a tropical
MABL. Subsequently, a reproduction of this inhomoge-
neity was proposed using a parametric model. The free-
space propagations resulting from these two approaches
were ultimately compared with the case of an equivalent
homogeneous turbulence.

This paper is organized as follows: Section 2
focuses on the development of the two methods for gener-
ating inhomogeneous turbulent atmospheres. Section 3
compares these approaches through numerical simulations.

2. Generation of a Realistic
Inhomogeneous Turbulence

This section introduces a realistic vertical inho-
mogeneity in the random realizations of turbulent phase
generated from a Von-Karman Kolmogorov spectrum.
First, the formalism of the sMPS method is reminded.
The vertical profiles of the outer scale length and turbu-
lent structure constant are then directly extracted from
the output of the LES of a tropical MABL to compute a
realistic “LES-Kolmogorov” spectrum. The obtained
inhomogeneous behavior is finally analytically repli-
cated using a parametric model.

In the following, the EM propagation is studied
in a 2D configuration. The horizontal x-axis denotes the
direction of propagation, while z indicates the vertical.

2.1 Overview of the Stochastic Multiple Phase
Screen Method

Tropospheric turbulence is characterized by cha-
otic variations of the thermodynamic fields that induce
fast refractive index fluctuations. Hence, 7 is traditionally
represented by a deterministic average value (n) and a
random fluctuating component An so that n = (n) + An.
The mean refractive index profile is here considered
homogeneous so that (n) =1, which leads to the defini-
tion of a 1D vertical turbulent phase screen,
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x+Ay

Opip(z)= ko/ An(x',z)dx'. (D)
ko corresponds to the EM wave number in the vacuum,
and A, is the propagation step. The conventional SMPS
method [3—6] consists in generating random realizations
of @ by filtering a Gaussian white noise with a Von-
Karman Kolmogorov spectrum [14] defined as

4
2 2
So(k.) = 27k2A,0.055C> (kf + (L—W> ) )

0s

This formulation provides a reasonable spectral
profile for the energetic length scales of turbulence (i.e.,
for k,<<27/L,s) and follows the Kolmogorov theory in
the inertial subrange of scales (i.e., 27/ Los<<k,<<27/Lis).
L and Lis are the outer and inner scale lengths of turbu-
lence, respectively. C2 indicates the turbulent structure
constant that quantifies the turbulence intensity, and k.
corresponds to the vertical component of the spectral var-
iable. The major limitation of this method lies in the ver-
tical homogeneity of the modeled turbulence intensity,
which does not accurately represent the real behavior of
an ABL [7, 8, 11]. Thus, the main objective of this paper
was to introduce a realistic vertical dependency in the
turbulent structure constant C2(z).

2.2 Inhomogeneous Turbulence From
Atmospheric Simulations

The tropospheric RF refractive index is linked to
the thermodynamic fields by [15]

n=1+ng + ny, (3)

with
P4
T
Ny = (115.9’% +6.035 X 105‘%) X 107°.

ng= (77.601%— 124.9P9Y 5 1076

4)

p, T, and ¢; correspond to the instantaneous atmospheric
pressure, the absolute temperature, and the specific
humidity, respectively. ng indicates the contribution of
the dry air while n,, denotes that of water vapor. The
LES generates instantaneous 3D fields of these state
variables required to precisely retrieve turbulence
parameters. In this letter, a well-documented case of
tropical MABL for which a convective cloud layer is
located between 500 and 1500 m in altitude is studied
[16, 17]. This atmospheric simulation is performed
using the open-source code MicroHH [18]. The time
evolution of the generated 5 X5 X 3-km domain is
studied for 6 hours with a 50 X 50 X 10-m grid resolu-
tion. Note that the first 3 hr of simulation are used to
converge toward a statistically steady solution.
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Figure 1. Vertical profile of L, averaged over the last 3 hr (plain line).

Dashed lines indicate the = standard deviation interval.

The objective was to evaluate L,y and the vertical
profile of C2(z) from the output of the atmospheric LES to
insert them into (2) and thus derive a “LES-Kolmogorov”
spectrum. To the authors’ knowledge, this is the first study
to employ LES to introduce a realistic vertical inhomogene-
ity to turbulent phase screens entirely generated with sSMPS.

The outer scale length L is defined as the largest
eddy size within the inertial range of scales of the turbu-
lent flow. A direct computation from LES outputs is not
straightforward. However, its value in a given direction
I € (x,y,z) is usually linked to the corresponding integral
length scale Z; such that L; = 1/6L; [19]. Turbulence is
here supposed isotropic giving Lo, = Los, V1 € (x,,2).
In particular, the outer scale in the x direction is defined as

1 [
Los|x = 6/0 Dq[(rx)drxa (%)

where D,, indicates the autocorrelation function of the
specific humidity. The resulting vertical profile of Lo,
averaged over the last 3 hr of simulation is plotted in
Figure 1. The nonlinear dependency of (2) on the outer
scale length makes it difficult to introduce a vertical
inhomogeneity of this parameter. In the following, L is
therefore taken equal to its vertical mean value so that

Los = (Los|x),, = 219m.

The turbulent structure constant C2 characterizes
the amplitude of the variations of the turbulent refrac-
tive index. In the inertial range, this is related to the
refractive index autocorrelation function by the Obu-
khov law so that [6]

Dy (r)
2 n
Cn - }"2/3 ’

Vre [Lis> LOSL (6)

where 7 is the separation distance. In the x direction, D, ()
is derived from the generated thermodynamic fields using
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Figure 2. Vertical profile of C2(z) averaged over the last 3 hr (plain
line). Dashed lines indicate the = standard deviation interval.

(3) and (4) and is numerically computed following [9]. The
condition <L (z) is applied to satisfy the inertial regime
assumption. The value of C?(z) is then obtained by averag-
ing over the different 7,. This algorithm is repeated at each
altitude to derive the complete profile. The vertical structure
of C2(z) averaged over the last 3 hr of simulation corre-
sponding to the generated MABL is plotted in Figure 2. As
expected, it exhibits global inhomogeneities. Indeed, strong
turbulence is located within the cloud layer between 500
and 1500 m in altitude while its intensity falls down in the
free atmosphere above 2000 m.

2.3 Parametric Model

LES allows for a precise description of atmo-
spheric turbulence and leads to a better understanding of
this phenomenon. However, this is very computationally
time-consuming. Therefore, it is essential to determine
whether a parametric generation of the inhomogeneous
turbulence in a MABL can acceptably model the actual
effects of the phenomenon on an EM wave.

In the following, we propose to replicate the verti-
cal profile of the turbulent structure constant correspond-
ing to the generated tropical MABL using a parametric
Bump-Kolmogorov model (BK model). It consists in
locally amplifying or attenuating a reference value that is
here set to (C2)_, around a given altitude. This analytical
formulation is written as

F(Ky,m32,m42)F(Ks3,m33,ms3)

C2(z) = (C?), ,
(&) =( >'F(K1,m371,m471)F(K4,m3,4,m474)

n

(N

with

(%)’
m3,; represents the base height of the i-th bump

(i € [1,4]), ma,; denotes its thickness, and K; is a modu-
lation coefficient that can be tuned to obtain the desired

F(Kiyms;,ma;) =1+ Kiexp (

- (m;,ﬁ"’%)f). ©
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Figure 3. Vertical profiles of C2(z) from LES (black line) and the
parametric BK-model (blue line). Red line indicates the equivalent
mean profile.

local maximum or minimum value for C2(z). Note that
this parametric model is a generalization of the simple
model proposed by Wagner et al. [8]. Their study sug-
gests an arbitrary amplification of a reference C? value
as a single bump within a surface-based duct. In our
case, the proposed parametric model enables the repli-
cation of a realistic turbulent intensity profile extracted
from the LES of a MABL.

The resulting analytical vertical profile of C2(z) is
plotted in Figure 3 (blue line) along with the real profile
computed from the atmospheric LES (black line) and the
corresponding mean value (C2), =0.204 X 10~'2 m~2/3
(red line). Figure 3 shows that the proposed parametric
model is not fully optimal but reasonably approximates a
real case. The question is whether the errors made by
this model remain acceptable in the case of X-band
propagation.

3. Numerical Simulations

This section compares the proposed methods for
generating inhomogeneous turbulence via their impact
on a radio wave crossing the medium. The objective is
2-fold. First, comparing to an equivalent homogeneous
case allows for assessing the specific influence of verti-
cal turbulence inhomogeneity on EM wave propagation.
Second, comparing the results obtained from the two
methods proposed in Section 2 enables to quantify the
error introduced by the parametric BK model.

The propagation of a 10-GHz spherical wave is
computed in a free-space environment within a 95 X 3-
km domain using the split-step wavelet method [2]. In
this theoretical study, the source is located at x = 0 m
and z = 1500 m. The turbulent phase screens are gener-
ated with the sMPS method using the two proposed
models, referred to as the LES-Kolmogorov and BK
model, or a homogeneous Von-Karman Kolmogorov
spectrum. The propagation step A,, which also indicates
the distance separating each turbulent phase screen, is
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Figure 4. Vertical log-amplitude profiles at x = 95 km averaged
over 500 simulations and obtained using LES-Kolmogorov (black
line), BK model (blue line) and Homogeneous Kolmogorov (red
line) spectra. Dotted lines indicate the * standard deviation interval.

set to 1000 m to satisfy the Markov approximation

(Ax > L) and thus prevent, correlation effects.
Propagation results are analyzed through the

computation of the final vertical log-amplitude profile

X(z) defined as
L (1EG)
w@=n({5d)) ®

where E; and E, indicate the real propagated electric
field and the one that would have been propagated in a
turbulent-free atmosphere, respectively. This metric
locally quantifies the impact of turbulence on the propa-
gating field. Results are averaged over 500 simulations.
Mean log-amplitude vertical profiles at x = 95 km
obtained for each of the three methods are plotted in
Figure 4. The dotted lines indicate the = standard devi-
ation interval. This first illustrates the impact of turbu-
lence inhomogeneity. Although the average turbulence
intensity encountered is equivalent, an inhomogeneous
vertical distribution of C2(z) leads to a different out-
come compared with the homogeneous case. Indeed,
the turbulence inhomogeneity of the case studied in this
article results in an attenuation peak of around 1600 m,
both using the LES-Kolmogorov and BK models. This
altitude coincides with the local maximum of C2(z)
plotted in Figure 3. However, this local attenuation phe-
nomenon is absent around 650 m, that is, the altitude of
the second turbulence peak. This difference occurs
because, in the case of spherical waves, the source alti-
tude also has an influence on the EM propagation
through inhomogeneous turbulence. Moreover, Figure 4
shows very good agreements between the realistic LES-
Kolmogorov approach and the parametric BK model.
Specifically, the two methods both exhibit a peak of
attenuation around the source altitude. Furthermore, in
both cases, the attenuation due to turbulence decreases
to the point where it becomes weaker than that induced
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by a homogeneous modeling above 2250 m. The
observed behavior aligns with the decrease in the turbu-
lence intensity illustrated in Figure 3. These initial
results suggest both the importance of considering tur-
bulence inhomogeneity in the MABL and the feasibility
of an accurate parametric modeling approach.

4. Conclusion

This letter introduces two original methods for
generating realistic inhomogeneous turbulence with the
classical sMPS approach have been introduced. The
LES-Kolmogorov method is based on the extraction of
an accurate vertical profile of C2(z) from thermodynamic
parameters generated by atmospheric simulations. In
contrast, the BK model approximately reproduces the
obtained profile with a parametric model.

The free-space propagation of a 10-GHz spherical
wave over 95 km has been analyzed through the computa-
tion of log-amplitude profiles. The specific local impact of
turbulence inhomogeneity has first been highlighted
through the comparison with an equivalent homogeneous
case. Furthermore, the two proposed methods yield similar
results, suggesting that a parametric replication of turbu-
lence inhomogeneity in the ABL is a reasonable approach.

In future works, equivalent studies at higher fre-
quencies and on other cases of atmospheric simulations
would be interesting to draw definitive conclusions
about the accuracy of the proposed parametric model in
reproducing turbulence within a MABL. Moreover,
additional research is required to highlight the impact of
the source position on the propagation of a spherical
wave within inhomogeneous turbulence. Ultimately, a
sensitivity analysis would allow us to propose a simpler
yet accurate parametric profile for turbulence.
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