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Wavefront measurements were collected from a laser beam which propagated between
two aircraft at varying altitudes and separations. Various data processing procedures were
employed for decoupling distortions imposed by the atmosphere and distortions imposed by
the aero-optical environment in proximity of the aircraft. Atmospheric optical turbulence
parameters such as 𝐶2

𝑛 and 𝑟0 were then estimated from the data using different approaches.
These results are compared with models prevalent in literature as well as previous experimental
measurements. The atmospheric optical turbulence parameters measured in this work showed
good agreement with the previous experimental measurements.

I. Nomenclature

𝐴 = near ground optical turbulence conditions
𝛼 = geometric constant for slope discrepancy
𝑐 𝑓 = skin friction coefficient
𝐶2
𝑛 = index of refraction structure constant

𝐶2
T = temperature structure constant

𝐷 = aperture diameter
𝑑 = lenslet diameter
𝛿 = slope discrepancy
𝛿𝐵𝐿 = boundary layer thickness
𝐸2
𝜂 = atmospheric fitting error structure function

𝐸2
𝛾 (𝜏) = aero-optical/aero-acoustical fitting error structure function

𝐸2
𝑆𝐷

= slope discrepancy structure function
𝜂 = fitting error
𝑘 = laser wavenumber
𝐾𝐺𝐷 = Gladstone-Dale constant
𝜆 = laser wavelength
𝑀 = Mach number
𝜇 = measurement noise
𝑛 = index of refraction
𝑂𝑃𝐷 = optical path difference
𝑂𝑃𝐿 = optical path length
𝑃 = pressure
𝑅 = gas constant
𝜌 = density
𝜌∞ = freestream density
𝑟0 = atmospheric coherence length
𝜎2
𝜇 = noise variance
𝜎2
𝜙

= phase variance
𝑇 = large time delays
T = temperature
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𝜏 = time delay
𝑈𝑐 = wind speed
𝑍 = propagation distance
𝑧 = propagation position

II. Introduction

In recent years, there has been interest in developing aircraft mounted high energy laser systems (HELs). Employing
a laser propagation system on an aircraft has additional challenges compared to ground based optical systems. In

and around the aircraft, the outgoing laser beam is subjected to distortions from aerodynamic turbulence, mechanical
contamination, as well as acoustic contamination from the aircraft jet engine. The aerodynamic turbulence around
the aircraft introduces distortions onto the beam due to compressibility effects and unsteady pressure fluctuations.
This environment, hereafter referred to as the aero-optical environment, results in less energy on-target in the far-field.
Aero-optical turbulence structures which are sufficiently smaller than the aperture, referred to as higher-order distortions,
tend to energy spread in the far-field. Structures larger than, or on the order of the size of the aperture result in bulk
angular motion, or tip/tilt, imposed onto the laser beam. As a consequence, this leads to pointing issues or beam
jitter in the far-field. Mechanical vibrations from the aircraft also impose tip/tilt onto the laser beam. The acoustical
environment around the aircraft imposes both higher-order distortions as well as tip/tilt onto the beam. These three
types of distortions all originate in or around the aircraft. As the laser beam leaves the aircraft, the beam propagates
through the atmosphere to a target. As has been studied for centuries, the atmospheric turbulence introduces additional
aberrations onto the laser beam. Instead of compressibility effects, pressure fluctuations, or mechanical vibrations, the
distortions imposed onto the laser beam from the atmosphere are primarily from temperature fluctuations carried by
turbulence structures of a vast range of spatial sizes.

In this work, wavefront measurements were collected using a Shack-Hartmann wavefront sensor (SHWFS). These
measurements were used to quantify the distortions imposed by the atmosphere onto a laser beam which was also
subjected to aberrations from the aero-optical, mechanical, and aero-acoustical environments. In order to make these
measurements, a laser beam is projected through the atmosphere at both varying altitudes as well as propagation
distances using the Airborne Aero-Optics Laboratory (AAOL). AAOL is an in-flight experimental test-bed where
aero-optics experiments can be performed under real conditions [1, 2]. AAOL consists of two Falcon-10 aircraft capable
of flying at varying separations, altitudes, and Mach numbers. One aircraft, designated as the source aircraft, projects
a 532 nm diverging laser beam onto an optical quality window mounted on the second aircraft, referred to here as
the laboratory aircraft. For this experiment, the two AAOL aircraft fly at large separations to measure the distortions
imposed by the atmosphere onto the laser beam. Various data processing procedures are employed to estimate the
atmospheric optical turbulence strength from the measured wavefronts.

First, technical background information on optical turbulence, atmospheric turbulence, aero-optical environments,
as well as approaches to estimate atmospheric optical turbulence quantities is presented. The experimental campaigns,
setups, as well as post-processing procedures are then described. Next, the experimental results are presented and
compared with previous experiments as well as literature. Finally, major findings are summarized and future steps are
discussed.

III. Background

A. Optical Turbulence
It is useful to begin with the definition of a wavefront. For an electromagnetic wave propagating through space,

the wavefront is defined as a locus of points on the surface of the electromagnetic wave with constant phase [3]. In
1678, Christian Huygens postulated that every point on a wavefront could be treated as a source of emitting spherical
waves. The envelope of these spherical wavelets at a later instant in time would then describe the new wavefront [3, 4].
Subsequently, light propagates perpendicular to it’s wavefront.

The electromagnetic spectrum is comprised of a wide range of wavelengths. For the work presented here, lasers are
used which are a single wavelength or narrow wavelength band. As an unperturbed collimated laser is projected through
a turbulent environment, the beam is subjected to density fluctuations which consequently, leads to index of refraction
fluctuations as defined by the Gladstone-Dale Relation seen in Eq. 1, where 𝑛 is the index of refraction, 𝐾𝐺𝐷 , is the
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Fig. 1 Beam propagating through inhomogeneous density field.

Gladstone-Dale constant as a function of the laser wavelength, 𝜆, and 𝜌 is the density. In the visible range, 𝐾𝐺𝐷 can be
approximated as 2.27 × 10−4 𝑚3/𝑘𝑔.

𝑛(𝑥, 𝑦, 𝑧, 𝑡) = 1 + 𝐾𝐺𝐷 (𝜆)𝜌(𝑥, 𝑦, 𝑧, 𝑡) (1)

These index of refraction fluctuations will aberrate the initially undisturbed beam and cause it to deviate from
planarity. An incoming planar wavefront subjected to an inhomogeneous density field is illustrated in Fig. 1.

B. Atmospheric Optical Turbulence
Turbulence is in a continuous state of instability. For a given set of initial conditions, the fluid moves in a trajectory

of evolution that is extremely unpredictable [5]. The chaotic nature of turbulent flows makes solving exact equations to
predict their behavior virtually intractable. Therefore, simpler models have been developed by studying the behaviors
common to turbulent flow-fields.

In 1941, Andrei Kolmogorov presented his theory of turbulence. By employing the assumptions that turbulence is
locally homogeneous, locally isotropic, and incompressible, he was able to use a simple dimensional analysis to predict
many relevant features of atmospheric turbulence [6]. One observation ubiquitous to turbulent flows is that there must
be a source of energy injection. This source of energy occurs at the largest scale structures in the flow. The large-scale
structures transport most of their energy to smaller scales through their inertial energy. This transport will continue until
it no longer is favorable for inertial forces to be the means of energy transport. More succinctly, the inertial and viscous
forces are balanced and the remaining energy is dissipated as heat by means of viscosity. Kolmogorov suggested that in
order to make dimensional predictions at the mid-range scales, we should assume that all energy injection occurs at the
large scales and energy dissipation occurs at the small scales [6, 7]. In between, there is a constant energy flux. This
notion of energy starting at the large scales and decaying to the small scales is referred to as the “energy cascade” and
the mid-range of scales which transport the energy is referred to as the “inertial subrange.”

1. Index of Refraction Structure Constant
Much of the atmospherics community today still refers to the text of Tatarskii as he applied his predecessor’s

theoretical constructs to wave propagation in turbulence [8]. Using the ideal gas law (𝑝 = 𝜌𝑅T ), and approximating 𝜆
as within the visible range of light, a relationship between 𝑃, T , 𝜌, and 𝑛 exists and is presented in Eq. 2. For changes
in the refractive index, 𝑑𝑛, it is easy to show that Eq. 2 becomes Eq. 3. For a given altitude, pressure remains fairly
constant and temperature fluctuations drive changes in index of refraction. Therefore, this allows Eq. 3 to be further
simplified to Eq. 4 [8, 9]. The temperature structure constant, 𝐶2

T , is then related to the index of refraction structure
constant, 𝐶2

𝑛, through Eq. 5. For laser propagation through the atmosphere, 𝐶2
𝑛 is commonly used to quantify optical

turbulence strength. This parameter will be referred to heavily throughout this work.

𝑛 = 1 + 7.77 · 10−7 𝑃

T (2)
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𝑑𝑛 = 7.77 · 10−7 𝑃

T

(
𝑑𝑃

𝑃
− 𝑑T

T

)
(3)

𝑑𝑛 = 7.77 · 10−7 𝑃

T 2 𝑑T (4)

𝐶2
𝑛 =

(
7.77 · 10−7 𝑃

T 2

)2
𝐶2
T (5)

2. Atmospheric Coherence Length
In addition to 𝐶2

𝑛, the atmospheric coherence length, 𝑟0, is another parameter often used to described optical
turbulence environments. The atmospheric coherence length or Fried parameter is heavily used since it elegantly
describes the largest size aperture that can be used before atmospheric effects induce appreciable distortions [10]. For
apertures larger than 𝑟0, no appreciable improvement in signal to noise is achieved. A larger aperture gathers more
light which increases the amount of signal collected, but it also allows for greater phase variation across the aperture in
an environment of Kolmogorov turbulence [11]. For environments of constant 𝐶2

𝑛 (horizontal propagation paths), the
relationship between 𝑟0 and 𝐶2

𝑛 is described by Eq. 6 for spherical waves [12, 13]. Here, 𝑍 is the propagation distance
and 𝑘 is the wavenumber described as 2𝜋/𝜆 where 𝜆 is the laser wavelength.

𝑟0 = 3.0
(
𝐶2
𝑛𝑍𝑘

2)−3/5 (6)

3. Optical Turbulence Models
It is well known that there are higher levels of turbulence close to Earth’s surface and lower values at higher altitudes.

With higher altitudes, the temperature decreases corresponding to a less dense atmosphere, resulting in lower turbulence
levels. One of the most popular atmospheric optical turbulence models is known as the Hufnagel-Valley Boundary
model (HVB) as seen in Eq. 7, where 𝑧 is the altitude above ground level.

𝐶2
𝑛 (𝑧) = 5.94×10−23𝑧10𝑒−𝑧

(
𝑈𝑐

27

)2
+ 2.7×10−16𝑒−2𝑧/3 + 𝐴𝑒−10𝑧 (7)

HVB only uses two input parameters,𝑈𝑐 and 𝐴. The variable𝑈𝑐 is the approximate high-altitude wind speed and
𝐴 is an input to account for near ground conditions. When 𝑈𝑐 and 𝐴 are taken to be 21 𝑚/𝑠 and 1.7 × 10−14 𝑚−2/3,
respectively, this corresponds to an atmospheric coherence length of 𝑟0 = 5 [𝑐𝑚] and an isoplanatic angle, which is
another commonly used atmospheric optical turbulence parameter, of 𝜃0 = 7 𝜇𝑟𝑎𝑑 [12]. Fittingly, this specialized form
of the model is referred to as HV57.

Two other turbulence models commonly referenced are the Clear 1 night model as well as the Submarine Laser
Communication (SLC) night model [12]. These two models along with HV57 are plotted versus altitude in Fig. 2.
Later on, 𝐶2

𝑛 values are estimated from the experimental data for varying altitudes and the results are compared with
these turbulence profiles.

Measuring 𝐶2
𝑛 over a path length is typically referred to as “turbulence profiling [14].” Previous experimental

flight campaigns were conducted using AAOL which sought to measure optical turbulence strength on a slant path
from a stationary ground station to an orbiting air station. These experimental campaigns are not the emphasis of the
work presented here. However, some results from these campaigns are presented for comparison purposes. These
results are shown in Fig. 3. Each plot presents experimentally measured 𝐶2

𝑛 values as a function of altitude for different
aircraft orbits. The green dotted line also plotted is the HV57 model for reference. The 𝐶2

𝑛 values estimated from the
experimental work presented here are also compared with these previous experimental results. For much greater detail
on these test campaigns, see Refs. [15–17].

C. Aero-Optical Environments
For the experimental work in this manuscript, distortions are imposed onto the laser beam from both the atmosphere

as well as the aero-optical environment in proximity of the aircraft. Therefore, despite atmospheric optical turbulence
being the emphasis of the work, it is also important to understand how aero-optical environments affect the laser
beam. First, the background of the field of aero-optics is discussed. Then, equations to quantify and scale aero-optical
distortions are presented.
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Fig. 2 Various turbulence profile models plotted versus altitude.

Fig. 3 Experimentally measured turbulence profiles [15–17].
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1. Background
Interest in developing airborne high-energy laser (HEL) weapon systems since the Airborne Laser Laboratory

(ALL) in the late 1970’s and early 1980’s [18]. The ALL program used a 𝐶𝑂2 laser, which lased at 10.6 𝜇𝑚. The ALL
program was successful however it was believed that in order to increase the capability of airborne HEL systems, a
shorter wavelength laser needed to be used. As described in Refs. [19–21], the shorter the laser wavelength, the higher
the intensity on-target given the same system laser exit pupil diameter and power in the absence of aberrating effects
[22]. As such, interest and research have gravitated towards the use of near visible wavelength HELs. Since the days
of ALL, HELs have achieved the goal of decreasing laser wavelength. The Airborne Laser (ABL) used a Chemical
Oxygen-Iodine Laser (COIL) which lased at 1.315 𝜇𝑚. The latest development of solid-state lasers use an even shorter
wavelength of 1.064 𝜇𝑚. Unfortunately, the effect of aberrations imposed onto lasers beams of shorter wavelengths
result in greater energy spread in the far-field compared to longer wavelength lasers [19–21]. When shorter wavelength
lasers are used, the optical turbulence associated with the aerodynamics in proximity to the beam director was identified
as an important research problem. Hence, extensive research into the field, which we today refer to as Aero-Optics was
inspired and conducted.

2. Quantification
The Optical Path Length (OPL) and Optical Path Difference (OPD) are typically used to quantity the severity of the

aberrations imposed onto a laser through an aero-optical environment. The OPL is defined as the path integral of the
index of refraction as defined by Eq. 8, where 𝑧 is the propagation direction [20].

𝑂𝑃𝐿 (𝑥, 𝑦, 𝑡) =
∫ 𝑧2

𝑧1

𝑛(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑧 (8)

The OPD is the result of removing the spatial mean (or piston) from the OPL as shown in Eq. 9.

𝑂𝑃𝐷 (𝑥, 𝑦, 𝑡) = 𝑂𝑃𝐿 (𝑥, 𝑦, 𝑡) −𝑂𝑃𝐿 (𝑥, 𝑦, 𝑡) (9)

OPD is often simplified as the conjugate of the wavefront, 𝑂𝑃𝐷 (𝑥, 𝑦, 𝑡) = −𝑊 (𝑥, 𝑦, 𝑡). By taking the root mean
square of the 𝑂𝑃𝐷 (𝑥, 𝑦, 𝑡) in space, we get the 𝑂𝑃𝐷𝑅𝑀𝑆 (𝑡) which describes the wavefront’s time-dependent departure
from planarity, as described in Eq. 10 where the brackets indicate spatial averaging [21].

𝑂𝑃𝐷𝑅𝑀𝑆 (𝑡) =
√︃
𝑂𝑃𝐷 (𝑥, 𝑦, 𝑡)2 (10)

Furthermore, time averaging yields the 𝑂𝑃𝐷𝑅𝑀𝑆 which is the most common metric for diagnosing the severity of
beam aberrations through aero-optical environments.

3. Boundary Layer Scaling
In recent years, aero-optical boundary layers have been heavily researched. Many of the major findings are

summarized in Ref. [23]. Important scaling laws have been developed which allow the optical distortions associated
with canonical boundary layers to be scaled to different freestream conditions. For subsonic, turbulent boundary layers,
𝑂𝑃𝐷𝑅𝑀𝑆 scales as

𝑂𝑃𝐷𝑅𝑀𝑆 ≈ 0.19𝐾𝐺𝐷𝜌∞𝑀
2𝛿𝐵𝐿

√︁
𝐶 𝑓𝐺 (𝑀). (11)

Here, 𝜌∞ is the freestream density, 𝑀 is the cruise Mach number, 𝛿𝐵𝐿 is the boundary layer thickness, 𝐶 𝑓 is the skin
friction coefficient, and 𝐺 (𝑀) is a function which can be approximated as 𝐺 (𝑀) ≈ 1 − 0.19𝑀2 + 0.03𝑀4. For greater
detail on the development, assumptions, and limitations of Eq. 11, see Ref. [23]. Equation 11 is used later in this work
to scale empirical AAOL boundary layer data to freestream conditions at different altitudes. The scaled 𝑂𝑃𝐷𝑅𝑀𝑆

associated with the turbulent boundary layer of the aircraft is then used to estimate the aero-optical contribution to
aberrations on a beam which propagated through both the atmosphere as well as the aero-optical environment.

D. Estimating Optical Turbulence Parameters
Now that both atmospheric optical turbulence as well as aero-optical environments have been introduced, the

following section describes two approaches for estimating optical turbulence parameters from the measured wavefronts.
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1. Phase Variance
The atmospheric coherence length, 𝑟0, is related to the variances of optical phase quantities [24]. A common

approach to estimate 𝑟0 from wavefront measurements is to use the tilt-removed phase variance, 𝜎2
𝜙𝐻𝑂

, described in Eq.
12 [25]. In this equation, subscript ‘HO’ is used to indicated “higher-order” and 𝐷 is the aperture diameter. If 𝑟0 is
known, Eq. 6 can then be used to approximate 𝐶2

𝑛 assuming horizontal propagation paths.

𝜎2
𝜙𝐻𝑂

= 0.134
(
𝐷

𝑟0

)5/3
(12)

The estimate of 𝑟0 using phase variance will be affected if phase distortions from the turbulent boundary layer
and acoustic environment are present. However, if the phase variances associated with the aero-optical, 𝜎2

𝜙𝐴𝑂
, and

acoustical distortions, 𝜎2
𝜙𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐

, are known, the phase variance from the atmospheric induced aberrations can be
estimated using Eq. 13. In this equation, 𝜎2

𝜙𝐴𝐿𝐿
is the overall phase variance. 𝑂𝑃𝐷𝑅𝑀𝑆 is related to optical phase by

𝜎2
𝜙𝐴𝑂

=

(
2𝜋𝑂𝑃𝐷𝑅𝑀𝑆

𝜆

)2
. Therefore, Eq. 11 can be used to approximate 𝜎2

𝜙𝐴𝑂
of the boundary layer for data collected at

any altitude.
A detailed procedure for estimating the 𝑂𝑃𝐷𝑅𝑀𝑆 associated with the acoustic environments is described in Ref.

[26]. For the purposes of the work presented here, it is assumed that the 𝑂𝑃𝐷𝑅𝑀𝑆 associated with the acoustical
distortions remains fairly constant with altitude. This is not exactly true however this approximation does not drastically
influence results.

Once 𝜎2
𝜙𝐴𝑂

and 𝜎2
𝜙𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐

, 𝜎2
𝜙𝐴𝑇𝑀

can be approximated using Eq. 13. 𝜎2
𝜙𝐴𝑇𝑀

can then be used in Eq. 12 to estimate
𝑟0.

𝜎2
𝜙𝐴𝑇𝑀

= 𝜎2
𝜙𝐴𝐿𝐿 − 𝜎2

𝜙𝐴𝑂
− 𝜎2

𝜙𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐
(13)

2. Slope Discrepancy
In recent years, a quantity referred to as “slope discrepancy” has been used to estimate optical turbulence parameters

with high fidelity. Slope discrepancy is only briefly described here but much more information on this quantity can be
found in Refs. [24, 27, 28]. Slope discrepancy is a result of using a least squares reconstructor to convert measured
slopes from a SHWFS into reconstructed phase. Slope discrepancy, symbolized by 𝛿, is the component of phase which is
not accounted for when using a least squares reconstructor - mathematically referred to as the curl of the vector potential
[27]. In other words, slope discrepancy is the difference between the slopes measured by a SHWFS and the gradient of
the reconstructed phase. In order to use slope discrepancy as a means for extracting turbulence parameters, a slope
discrepancy structure function is calculated. The equation for this structure function, 𝐸2

𝑆𝐷
, is presented in Eq. 14 [24].

𝐸2
𝑆𝐷 (𝜏) =

〈
|𝛿(𝑡 + 𝜏) − 𝛿(𝑡) |2

〉
(14)

Slope discrepancy results from subaperture fitting error, 𝜂, measurement noise, 𝜇, and discontinuities such as branch
points or shock waves. In this work, we assume that branch points and shock waves are nonexistent. This assumption is
valid since experimental data was not collected in what is regarded as “deep turbulence.” In other words, the Rytov
parameter is sufficiently small (below 0.3). Additionally, since there were no geometries protruding into the freestream
flow in front of the acquisition aperture, no shock waves were present. Therefore, slope discrepancy can be described as,
𝛿 = 𝜂 + 𝜇. Plugging this into Eq. 14, expanding, and simplifying negligible components leads to the following result,

𝐸2
𝑆𝐷 (𝜏) = 𝐸2

𝜂 (𝜏) + 2𝜎2
𝜇 . (15)

The slope discrepancy structure function, 𝐸2
𝑆𝐷

(𝜏), is equal to the fitting error structure function, 𝐸2
𝜂 (𝜏), plus two

times the noise variance, 𝜎2
𝜇. The assumptions imposed to get Eq. 15 are discussed in Ref. [24]. The asymptotes of the

slope discrepancy structure function lead to an important result. The fitting error variance, 𝜎2
𝜂 , can be described as

follows,

𝜎2
𝜂 =

1
2
(
𝐸2
𝑆𝐷 (𝑇) − 𝐸2

𝑆𝐷 (0)
)
. (16)
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Table 1 Data points collected during flight 1 and 2 [2].

The term 𝐸2
𝑆𝐷

(0), or the asymptote for short time delays, represents twice the noise variance and the asymptote at
large time delays, 𝐸2

𝑆𝐷
(𝑇), represents twice the fitting error variance, 𝜎2

𝜂 . The fitting error variance is then related to 𝑟0
by Eq. 17.

𝜎2
𝜂 = 𝛼

(
𝑑

𝑟0

)5/3
(17)

Here, 𝛼 is a constant specific to the geometry of the SHWFS used and 𝑑 is the subaperture width. The 𝛼 constant
can be found analytically [29], however, finding alpha computationally yields a better estimate.

Equation 15 elegantly describes that the overall slope discrepancy is a combination of fitting error from the
atmosphere as well as measurement noise. However, how would this equation change if distortions from the aero-optical
and aero-acoustical environments were also present? Recent work has demonstrated that if fitting error from the
aero-optical/aero-acoustical environment is also present in the data and uncorrelated with fitting error from the
atmosphere, Eq. 18 can be rewritten as follows,

𝐸2
𝑆𝐷 (𝜏) = 𝐸2

𝜂 (𝜏) + 𝐸2
𝛾 (𝜏) + 2𝜎2

𝜇 . (18)

Here, 𝛾 is the slope discrepancy from the aero-optical/aero-acoustical environments and 𝐸2
𝛾 (𝜏) is the associated

fitting error structure function. This is an important result. If we know 𝐸2
𝛾 (𝜏), we can estimate 𝐸2

𝜂 (𝜏) by simply
measuring the total slope discrepancy structure function, 𝐸2

𝑆𝐷
(𝜏).

This slope discrepancy approach along with the phase variance approach described in the section above are used to
approximate 𝑟0 and 𝐶2

𝑛 from data collected in the experimental campaigns described in the next section.

IV. Experimental Campaigns and Data Processing

A. Campaign Objectives
As discussed above, wavefronts are collected at both varying altitudes and separations. The details pertaining to the

data points collected in the two flights are presented in Table 1. Flight 1 was conducted in the afternoon on 07 March
2020 and flight 2 was conducted in the late morning to early afternoon on 17 March 2020. Both flights were conducted
over the Northern Michigan area. Wavefronts were collected at both 4 and 10 𝑘𝐻𝑧 with an exposure time of both 0.4
and 1 𝜇𝑠. The aircraft consistently flew at a cruise Mach number of 0.4. A total of 28,000 frames were collected per
data point [2].
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Fig. 4 AAOL source aircraft setup.

B. Source Aircraft
The source aircraft is equipped with a Laser Quantum Opus 532 nm 0-2 variable watt laser, motorized system to

vary beam divergence, a 50 mm diameter OIM102 fast steering mirror (FSM), an AeroTech gimbal with a 100 mm
mirror, a National Instruments PXI Real-Time system, a laptop for user control, and a GPS unit which allows relative
aircraft displacements to be calculated. This system allows for both image and return based tracking capability. Figure 4
illustrates the experimental setup in the source aircraft. A wide field of view (WFOV) camera with a 300 mm lens was
used to locate the laboratory aircraft and the narrow field of view (NFOV) camera with a 600 mm lens was used for
tracking – either off the return signal or image features of the other aircraft. Using the motorized beam divergence
system, the divergence of the outgoing beam can be changed by the user to sufficiently fill the acquisition window on the
laboratory aircraft window regardless of the separation distance between aircraft [2].

C. Laboratory Aircraft
The laboratory aircraft receives the incoming beam from the source aircraft and directs the beam to a Shack

Hartmann Wavefront Sensor (SHWFS) installed on a high-speed camera. Figure 5 illustrates the experimental setup of
this aircraft. Here, the beam enters through the optical quality window then is directed off a 304.8 mm flat steering
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Fig. 5 AAOL laboratory aircraft setup.

mirror mounted on an AeroTech gimbal. To stabilize the incoming beam, a computer-controlled proportional feedback
system was employed. The gimbal forwards the beam through a Schmidt-Cassegrain telescope with a diameter of 203
mm and a central obscuration of 64 mm in diameter. A mirror is mounted on the back of the telescope’s secondary
mirror in order to pick off a portion of the beam for the tracking camera which has a 500 mm focal length lens attached.
After exiting the telescope, a portion of the beam is directed to an imaging camera and the other portion of the beam is
split again to be partitioned between an On-Trak PSM2-10 position sensing device (PSD) as well as the SHWFS. The
PSD sends velocity commands to the gimbal and serves as the fine track system. The SHWFS has a spatial resolution of
50 × 50 subapertures 0.3 mm in size, allowing the wavefront distortions imposed on the beam to be measured with great
spatial resolution. Wavefronts were acquired at both 4 and 10 kHz. A corner cube was also installed at the bottom of
the aircraft acquisition window, ensuring that the source aircraft received a strong return signal for tracking at large
separations.

D. Processing Procedure
In order to convert the measured slopes into usable wavefront measurements, various data processing steps need to

be employed. Firstly, the measured slopes are converted into phase using a least squares reconstructor. Next, since
mechanical contamination manifests as tip/tilt that is coupled with the turbulence induced component, all tip/tilt and the
mean component (or piston) are initially removed from the data. Lastly, in experimental processing, steady lensing is
also removed from the data. Steady lensing are distortions that manifest in the data which remain constant with time.
Lensing can result from scratches or dirty optics, or slow moving temperature gradients in the lab. After these initial
data processing steps have been done, post processing-procedures to estimate atmospheric optical turbulence parameters
can be employed.

V. Results and Discussion

A. Close Propagation Distances
In order to estimate the wavefront error imposed by the aero-optical and aero-acoustical environments in flight,

wavefront measurements were collected at close aircraft separations (≈ 50 m) and higher altitudes (≈ 3, 000 m) using
AAOL. By doing so, the presumption is that negligible atmospheric distortions are imposed onto the beam. The same
experimental setup described in Section IV.A was used and the processing procedure described in Section IV.D was
applied to the measured wavefronts.
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Fig. 6 Dispersion analysis for wavefront data collected at close aircraft separations and high altitude.

Previous studies have been successful at decoupling acoustic and aero-optical related disturbances using a three-
dimensional fast Fourier transform, otherwise known as a dispersion analysis. Since the acoustic structures seen in the
flight data are upstream propagating (opposite the direction of convective turbulent structures), the dispersion analysis
can also be used here to isolate and remove this source of wavefront aberrations [1, 26]. Here, the spatial and temporal
domains are transformed into the wavenumber and frequency domains. The forward transform is described in Eq. 19.

�𝑂𝑃𝐷 ( 𝑓𝑡 , 𝑘𝑥 , 𝑘𝑦) =
∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
𝑂𝑃𝐷 (𝑡, 𝑥, 𝑦)𝑒−𝑖 (2𝜋 𝑓𝑡 𝑡−𝑘𝑥 𝑥−𝑘𝑦 𝑦)𝑑𝑡𝑑𝑥𝑑𝑦 (19)

In the spectral domain, the positive wavenumber-positive temporal frequency as well as the negative wavenumber-
negative temporal frequency domains correspond to the upstream traveling acoustic component, assuming flow is
going from left to right. Conversely, the negative wavenumber-positive temporal frequency as well as the positive
wavenumber-negative temporal frequency domains correspond to the downstream traveling turbulent convective
structures. Separating these components into their respective spectral quadrants and inverse transforming allows the
upstream and downstream structures to be decoupled into their respective spatial-temporal data sets. For greater detail
on using dispersion analysis to decouple aero-optical and acoustic optical turbulence distortions, see Refs. [1, 26].

Dispersion analysis was used here in order to decouple the distortions from the turbulent boundary layer and the
distortions from the upstream propagating acoustic waves. Figure 6 presents the resultant dispersion analysis. The
strong peak at a temporal frequency of approximately 4, 500 Hz represents the blade pass frequency of the jet engine.
After separating the dispersion analysis into upstream and downstream propagating components and inverse Fourier
transforming, it was found that the 𝑂𝑃𝐷𝑅𝑀𝑆 associated with the boundary layer was approximately 1.98 × 10−8 m and
the 𝑂𝑃𝐷𝑅𝑀𝑆 of the acoustic contamination was approximately 2.57 × 10−8 m.

As mentioned above, in this work, we will assume that the acoustic contamination remains fairly constant with
altitude. However, in order to see how the 𝑂𝑃𝐷𝑅𝑀𝑆 associated with the turbulent boundary layer scales with altitude,
we use Eq. 11. The result of this for varying altitudes can be seen in Fig. 7. Here, the yellow star indicates the altitude
where the empirical data was collected.

B. Estimating Atmospheric Optical Turbulence Parameters
Using the approaches discussed in Section III.D, 𝐶2

𝑛 is estimated from the wavefront measurements collected at
both varying altitudes as well as aircraft separations. Figure 8 presents the 𝐶2

𝑛 values estimated from the wavefront
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Fig. 7 𝑂𝑃𝐷𝑅𝑀𝑆 altitude scaling for a subsonic turbulent boundary layer.

Fig. 8 𝐶2
𝑛 values estimated using the phase variance approach.

measurements using the phase variance approach. These results are plotted as yellow circles. The estimated acoustic
and aero-optical distortions were removed using Eq. 13 coupled with the results from Section V.A. Also plotted on Fig.
8 are the three turbulence models discussed in Section III.B.3. The HV57 model is represented by a blue line with
circle markers, the SLC Night model is represented by a red line with square markers, and the Clear 1 Night model is
represented by a green line and diamond markers. The results from the previous experimental turbulence profiling
campaign also discussed in Section III.B.3 are plotted as solid lines without markers. Each solid line represents a
different data collection. It can be see that 𝐶2

𝑛 values estimated using the phase variance approach are larger than the 𝐶2
𝑛

values predicted by the turbulence models. However, the measured 𝐶2
𝑛 values have some agreement with the results
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Fig. 9 𝐶2
𝑛 values estimated using the slope discrepancy approach.

from the previous turbulence profiling campaigns. The 𝐶2
𝑛 results estimated using the slope discrepancy are plotted in

Fig. 9. Again, the turbulence models and results from the previous turbulence profiling campaign are also presented.
The 𝐶2

𝑛 estimates calculated using slope discrepancy are represented by yellow circles. These estimates did not take
into account aero-optical and aero-acoustical contamination. The data collected during the campaigns discussed in
this document were collected at relatively slow sample rates. In order to more effectively remove aero-optical and
aero-acoustical contamination from the slope discrepancy structure function by using Eq. 18, the time between samples
needs to be short. However, for three data points, aero-optical and aero-acoustical contamination was able to be removed
using the slope discrepancy approach described in Eq. 18. These results are indicated on the plot with pink star markers.
It can be seen that when aero-optical and aero-acoustical contamination is removed, the 𝐶2

𝑛 estimate decreases. This is
expected since the aero-optical environment does have some fitting error. In general, the 𝐶2

𝑛 results obtained using the
slope discrepancy approach show better agreement with both the turbulence models as well as the previous experimental
measurements compared to the phase variance approach. The agreement between 𝐶2

𝑛 estimates and the turbulence
models as well as the experimental results from the previous turbulence profiling campaign is particularly good at
altitudes between 1400 and 1800 m.

VI. Conclusions
Experimental campaigns were conducted which sought to measure distortions imposed onto a laser beam by the

atmosphere. The distortions imposed onto the laser beam would then be used to quantify the optical atmospheric
turbulence strength of the atmosphere through which the laser beam propagated. Wavefront measurements were collected
at both varying altitudes as well as aircraft separations. The measured phase variance as well as slope discrepancy
were used to estimate 𝑟0 and subsequently, 𝐶2

𝑛. The aero-optical, aero-acoustical, and mechanical environments in and
around the aircraft introduce contamination into the estimates of 𝐶2

𝑛. This work also describes how to account for these
sources of error.

The 𝐶2
𝑛 estimates were compared with optical turbulence models as well as experimental results from a previous test

campaign. The 𝐶2
𝑛 estimates calculated from the phase variance were generally higher than what models predict. The

𝐶2
𝑛 estimates calculated using the slope discrepancy approach were in agreement with both the atmospheric optical

turbulence models as well as the results from the previous experimental turbulence profiling campaigns.
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