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Abstract. In-flight wavefront measurements around a flat-window turret
at subsonic Mach numbers are analyzed in instantaneous and time-
averaged sense. In addition to the root-mean-squared levels of aero-
optical distortions, higher-order spatial statistics are calculated, and their
dependence as a function of the viewing angle is discussed. Given the
optical data obtained, the applicability of the commonly used large aper-
ture approximation (LAA) is revisited. We show that, for all angles, the LAA
consistently underestimates the time-averaged Strehl ratio, so the LAA
should be used very cautiously. Some reasons for these discrepancies
are traced to non-Gaussian spatial distribution of the optical wavefronts.
A different approximation for computing time-averaged Strehl ratios is
proposed, and the results are discussed. © 2013 Society of Photo-Optical Instru-
mentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.7.071417]
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1 Introduction
In the last decade, the introduction of more powerful lasers
with a shorter wavelength (1 to 1.5 μm) provided a new
impulse for developing airborne laser-based systems for
both direct-energy deposition and communication purposes.
However, the shorter wavelengths increased the detrimental
effects of inhomogeneous refractive mediums1–3 on the abil-
ity of optical systems to focus a laser beam in the far field.

From an optical point of view, hemisphere-on-cylinder
turrets appear to offer the maximum field of regard, and
from a design point of view, they provide a simple and effi-
cient means to project or receive a laser beam.4 However, the
complex flow around a turret at high subsonic and transonic
speeds creates pressure and temperature fluctuations, which
result in density fluctuations. Because the index of refraction
in air is directly related to density through the Gladstone-
Dale constant, KGD, nðx; tÞ − 1 ¼ KGDρðx; tÞ, these density
fluctuations result in index-of-refraction fluctuations. The
index-of-refraction variations in compressible flows, referred
to as aero-optical effects,5 impose aberrations on the out-
going laser beam that reduce the peak irradiance of the laser
beam in the far field and can severely limit an airborne
directed-energy system’s field of regard. The aberrations
with correlation lengths larger than the aperture primarily
cause the beam to tip and tilt. This can be corrected with an
appropriate-bandwidth fast steering mirror. However, aero-
optical aberrations that are smaller than the aperture impose
higher-order aberrations that scatter the beam, reducing the
beam’s peak intensity in the far field. From a systems point
of view, the so-called large aperture approximation is a
handy way of estimating the reduction in intensity from that
achievable with an unaberrated diffraction-limited beam.
This paper revisits the accuracy of the large aperture approxi-
mation by looking at the statistics of wavefronts collected in
flight from the Airborne Aero-Optics Laboratory6 (AAOL).

Aberrations are imposed on the beam as some parts of the
wavefront travel faster over a given time period than other
wavefront parts. To quantify the level of aero-optical distor-
tions, the optical path difference (OPD) is calculated as
OPDðx; y; tÞ ¼ OPLðx; y; tÞ − hOPLðx; y; tÞi, where the
optical path length (OPL), is defined as OPLðx; y; tÞ ¼
∫ z2
z1nðx; y; z; tÞdz, and the angle brackets represent the spa-

tially averaged optical path length over the aperture at a given
time t. The system of coordinate is chosen as such that the
z-axis is aligned with the beam direction.

Usually, to characterize the effect that changes in OPD
across the aperture have on the far field, the instantaneous
Strehl ratio SR is determined. However, it is common prac-
tice to remove tip/tilt first, so that only the effects of the
higher-order aberrations (i.e., beam scatter/spread) are exam-
ined. The Strehl ratio is defined as a ratio of the on-axis irra-
diance I to the diffraction-limited on-axis irradiance I0. In
general, for wavefronts with a uniform intensity distribution,
and assuming that the target is at or near the laser beam
focal plane, which is almost always the case, the Fraunhofer
approximation is used7 to provide accurate Strehl ratio
results. Thus,

SRðtÞ ¼

��� RR exp
h
i 2πλ OPDðx; y; tÞ

i
dxdy

���2
ðRR dxdyÞ2 : (1)

If the spatial probability distribution of OPDðx; y; tÞ is
Gaussian at a given moment t, then the exponential form
of the Maréchal approximation1 accurately predicts the
instantaneous Strehl ratio; that is,

SRðtÞ ¼ I
I0

¼ exp

�
−
�
2πOPDrmsðtÞ

λ

�
2
�
; (2)

where OPDRMS is the spatial root mean square of the OPD
over the aperture, and λ is the wavelength of the laser. It
should be emphasized that, as long as the spatial wavefront
statistics is Gaussian, Eq. (2) remains accurate regardless of0091-3286/2013/$25.00 © 2013 SPIE
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the amplitude of OPDRMS. Steinmetz8 showed that, in the
limit when the aperture size is much larger than the charac-
teristic turbulence structure size, the Maréchal approxima-
tion is approximately valid for any statistical processes, and
that the time-averaged Strehl ratio, if the time-averaged
OPDRMS is used, is

SR ¼ exp

�
−
�
2πOPDrms

λ

�
2
�
: (3)

This approximation is called the large-aperture approxima-
tion and is widely used to estimate far-field effects on a
target. However, it is usually accompanied by the caveat
that the approximation is only valid up to amplitudes1 of
approximately 0.1λ. In that which follows, time-resolved
in-flight wavefront data from the hemisphere-cylinder
AAOL turret in a flat-window configuration in fully subsonic
flow over the turret9 is analyzed to assess the accuracy of
Eqs. (2) and (3), with special attention paid to the wavefront
statistics.

2 AAOL Wavefront Analysis
Series of time- and space-resolved wavefronts were collected
with a high-speed Shack-Hartmann sensor6 on board the
AAOL. The AAOL is described by Jumper et al.,6 and details
of wavefront measurements and other relevant experimental
information are described by Porter et al.9 and De Lucca
et al.10 The AAOL flight program consists of two citations
flying in formation approximately 50 m apart to minimize
atmospheric effects. A slowly diverging continuous
YAG∶Nd 5-Watt laser beam with λ ¼ 532 nm approxi-
mately 3 mm in diameter was sent from a chase plane to an
airborne laboratory. The flight-test airborne laboratory
consists of a turret 30.5-cm (one-foot) in diameter with a
10.2-cm (four-inch) flat-window clear aperture, as shown in
Fig. 1(a). At 50 m, the beam from the chase aircraft is
diverged to approximately 20 cm, so that it overfills the turret
clear aperture by a factor of two; once the laser and turret
systems are tracking each other, a 2.0-cm stabilized beam
emerges from the turret mount on to an optical bench in
the laboratory aircraft. The spherical figure of the beam

Fig. 1 (a) The AAOL turret with a flat window. (b) Definition of angles to describe the beam direction. (c) Optical setup of the beam path and suite
of instruments during flight tests.
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due to the divergence from the chase aircraft is removed from
the otherwise aero-optically aberrated beam. The “stabiliza-
tion” of the beam is performed by a closed-loop fast-steering
mirror system that reimages the turret pupil and can reduce
the beam’s overall jitter to a cutoff frequency of approxi-
mately 200 Hz. The “stabilized beam” is then split to the
various sensors on the optical bench on board the laboratory
aircraft, including a high-speed Shack-Hartmann wavefront
sensor, as shown in Fig. 1(c).

Although AAOL data were taken at a range of Mach num-
bers and altitudes, the data analyzed here are for a Mach
number of 0.5 at an altitude of 15,000 ft. The spatial reso-
lution of wavefronts was 32 × 32. Wavefronts were sampled
at a frame rate of either 20 kHz for time-resolved mea-
surements at a fixed azimuth/elevation angle or 3 kHz for
collecting OPD statistics over a range of angles. To minimize
spatial smearing, the camera’s shutter/integration time was
set at 0.5 μs. During the processing of the wavefronts,
steady-lensing aberrations, instantaneous piston, and tip/tilt
components were removed from each wavefront, leaving
only higher-order aberrations. Finally, the wavefronts
OPDðx; y; tÞ were normalized1,4 as

OPDNORMðx; y; tÞ ¼ OPDðx; y; tÞ
ðρ∕ρSLÞM2D

½μm∕m�; (4)

where ρ is the freestream density,M is the Mach number, ρSL
is the sea-level density (ρSL ¼ 1.225 kg∕m3), and D is the
turret diameter. For different elevation (EL) and azimuthal

(AZ) angles, we computed time-series of normalized spatial
root-mean-square; that is,

OPDNORM
RMS ðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðOPDNORMðx; y; tÞÞ2i

q

≡
OPDRMS

ðρ∕ρSLÞM2D
½μm∕m�;

where angle brackets denote spatial averaging [see Fig. 1(b)].
From a flow-physics point of view, it is more convenient

to introduce a different coordinate system to describe the
beam direction. This coordinate system uses the viewing
angle α and the modified elevation angle β to define the
direction of the beam, as shown in Fig. 1(b). The viewing
angle is defined as the angle between the flow direction
and beam direction vectors. The modified elevation angle
is defined as the angle between the junction plane joining
the hemisphere to the cylinder and the plane formed by
the flow direction and beam direction vectors. These angles
are related to the azimuth and the elevation angles: α ¼
cos−1½cosðAZÞ cosðELÞ�, and β ¼ tan−1½tanðELÞ∕ sinðAZÞ�.

A summary of the time-averaged aero-optical data for
different viewing angles is shown in Fig. 2. In addition,
examples of instantaneous wavefronts across the aperture
are shown for selected viewing angles of α ¼ 81, 92, 99,
and 117 deg. The flow across the aperture goes from left
to right. For the viewing angle of 81 deg, the size of the aber-
rations, relative to the aperture, were smaller and less coher-
ent than the structures seen at the backward-looking angles.
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Fig. 2 Normalized OPDRMS for the data for a range of viewing and modified elevation angles with the representative instantaneous realizations of
wavefronts across the aperture of the turret at selected angles of α ¼ 81, 92, 99, and 117 deg. The color map in each wavefront is adjusted
appropriately to aid in the viewing of the types of aberrations present from structures propagating across the aperture.
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In the wavefronts at backward-looking angles, the aberra-
tions appeared as long-spanwise coherent structures resulting
from the coherent vortical structures in the shear layer form-
ing over the aperture. Additionally, at the viewing angle
of 92 deg, which is near the first peak in the normalized
OPDRMS, the upstream portion of the aperture had a local
separation bubble that formed from the slope discontinuity
of the flat-windowed aperture, causing an increase of aero-
optical distortions.11 A detailed analysis of the data and
related flow physics is presented in Porter et al.9

The data presented in the curve in Fig. 2 were arrived at
by calculating the time-averaged normalized spatialOPDRMS

across the aperture for different azimuth and elevation
angles. From a systems point of view, the primary aero-optic
concern is the reduction of the far-field irradiance delivered
to the target as a result of these aberrations, typically quan-
tified by the instantaneous and time-averaged Strehl ratios.
As mentioned in Sec. 1, if the spatial distribution of the
instantaneous wavefront is Gaussian, then the instantaneous
OPDRMS can be used in Eq. (2) to predict the instanta-
neous Strehl ratio accurately1 without the usual limitation
to OPDRMS being less than approximately 0.1λ. For suffi-
ciently large apertures, this assumption was shown to be
correct for compressible boundary layers, allowing for the
prediction of instantaneous variations of far-field intensity.12

The question remains whether or not the wavefront data
resulting from aero-optic aberrations over the flat-window
turret meet this criterion. Figure 3 shows histograms or prob-
ability density functions (PDF) of the calculated instantane-
ous spatial statistics at a viewing angle of 104 deg, using
experimentally obtained values from 10,000 consecutive
wavefronts frames. In this figure, three histograms are shown
corresponding to the normalized OPDRMS [Fig. 3(a)], the
skewness γ1, [Fig. 3(b)], and the excess γ2, [Fig. 3(c)],
where the skewness and excess are defined as

γ1 ¼ E

�
X − μ

σ

�
3

¼ μ3
σ3

; (5)

γ2 ¼ E

�
X − μ

σ

�
4

− 3 ¼ μ4
σ4

− 3; (6)

where X is a random variable (OPD in this case), μ is the
wavefront spatial mean (which is zero by definition), μ3 is
the third moment about the mean, μ4 is the forth moment
about the mean, σ ≡ OPDRMS is the wavefront spatial stan-
dard deviation, and E is the expectation operator. When the
probability distribution function of the instantaneous spatial
wavefront is Gaussian, the skewness and excess are exactly
zero. As seen in Fig. 3, a large number of the instantaneous
wavefronts do not meet the requirement that skewness and
excess are zero.

Figure 4 shows the calculated normalized OPDRMS, the
skewness, and the excess as a function of the viewing angle
for all measured modified elevation angles. The temporal
spread of the normalized OPDRMS, skewness, and excess
for each data point was defined using the cumulative distri-
bution function CDF from the corresponding experimentally
determined PDFs; CDFðXÞ ¼ ∫ X

−∞PDFðtÞdt. To define the
temporal spread, the points where the CDF equaled 0.25
and 0.75 were calculated; these values result in a spread
slightly larger than plus or minus one standard deviation
from the mean. Error bars on each of the graphs represent
the spread in the data. Though the experimental error results
in additional scatter in the data, the primary cause of the
spread is aero-optical structures convecting across the
aperture.

The average skewness and the excess showed a tendency
to converge to zero values for α < 60 deg, as shown in
Fig. 4. This tendency is expected, because at these angles,
the aero-optical aberrations result mostly from the turbulent
boundary layer present on the forward portion of the turret,
and for canonical compressible turbulent boundary layers,
instantaneous wavefronts were shown to have Gaussian
distribution.12 Thus, the exponential form of the Maréchal
approximation, Eq. (2), is expected to predict the instantane-
ous Strehl ratio accurately at small forward-looking angles.

As the viewing angle increases past 60 deg, the slope dis-
continuity from the flat-window aperture causes a local flow
separation bubble to form. At this point, the normalized
OPDRMS begins to increase as coherent vortical structures
form across the aperture, as shown in Fig. 2. Since the wave-
front distortion is the result of the presence of coherent vor-
tical structures affected by the intermittent separation bubble,

Fig. 3 Histograms of the normalized spatial OPDRMS (a), skewness (b), and excess (c) showing the distribution of values at a viewing angle
of α ¼ 104 deg.
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the probability distribution function of the OPD across the
aperture is no longer Gaussian, and the average skewness
values become negative with the corresponding positive
excess, as shown in Fig. 4. Finally, as the viewing angle
increases past approximately 110 deg, although large coher-
ent structures still can be seen in the wavefronts, the average
skewness and excess return to near zero, and the probability
distribution function of the OPD is again near Gaussian.
However, as shown by the spread, instantaneous values of
the skewness and excess deviate from zero as these vortical
structures convect across the aperture.

To see how the spatial probability distribution function
of the wavefront affects the instantaneous Strehl ratio, an
alternative formulation1 of Eq. (1) yields the instantaneous
Strehl ratio for a uniform beam intensity based on the spatial
probability distribution function of the OPD:

SRðtÞ ¼
����
Z

∞

−∞
exp

�
i
2π

λ
OPDðx; y; tÞ

�
PDFðOPDÞdðOPDÞ

����
2

¼ jϕð2π∕λÞj2;
(7)

where ϕ is the characteristic function or the Fourier trans-
form of the PDF of OPD. For example, the characteristic
function of a Gaussian distribution is

ϕð2π∕λÞ ¼ exp

�
iμð2π∕λÞ − σ2ð2π∕λÞ2

2

�
; (8)

where μ is the wavefront mean, which is zero by definition,
as the piston mode was removed from each wavefront, and
σ is the instantaneous OPDRMS. Substituting Eq. (8) into

Fig. 4 The normalized OPDRMS (a), skewness (b), and excess (c) over a range of viewing angles. Bars represent 0.25 and 0.75 of the corre-
sponding cumulative distribution function.
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Eq. (7) yields the exponential Maréchal approximation,
Eq. (2). But for non-Gaussian distributions, the far-field
Strehl ratio also depends on the higher-order moments of
wavefronts.

To illustrate the effect of non-Gaussian probability distri-
butions, Fig. 5(a) and 5(b) shows the calculated Strehl ratio
for time series at a forward-looking angle [α ¼ 60 deg,
AZ∕EL ¼ 47∕42 deg; Fig. 5(a) and 5(c)] and a back-
ward-looking angle [α ¼ 96 deg, AZ∕EL ¼ 110∕72 deg;
Fig. 5(b) and 5(d)]. From Eq. (1), it follows that the instanta-
neous Strehl ratio depends on the ratio OPDðx; y; tÞ∕λ. Thus,
to investigate the temporal variations in Strehl ratios for these
viewing angles, we used the same experimentally obtained
wavefront time series, but instantaneous wavefronts were
rescaled using Eq. (4) for different ðρ∕ρSLÞM2D, which
results in different OPDRMS∕λ; physically it means rescaling
experimental wavefront results for different turret diameters
or altitudes, for instance. The instantaneous Strehl ratios
were calculated using rescaled wavefronts and the Fraun-
hofer approximation, Eq. (1), and they are shown as dots
in Fig. 5(a) and 5(b), plotted as a function of the instantane-
ous rescaled OPDRMS∕λ. As discussed before, Eq. (1) is
considered the exact solution, as long as assumptions we out-
lined in Sec. 1 are satisfied. The instantaneous Strehl ratios

significantly vary in time for OPDRMS∕λ > 0.1, due to large
temporal variations of OPDRMS and other higher-order sta-
tistics, as shown in Fig. 4. The time-averaged Strehl ratio,
using the Fraunhofer approximation, is shown as a dashed
line in Fig. 5(a) and 5(b). This figure also shows the time-
averaged Strehl ratio calculated with the large-aperture
approximation, Eq. (3), using the time-averaged OPDRMS∕λ.
At the forward-looking angle shown in Fig. 5(a), the
wavefront spatial distribution was nearly Gaussian, and the
difference between the time-averaged Strehl ratio and large-
aperture approximation is small, although the large-aperture
approximation consistently underpredicts time-averaged
Strehl ratios. To quantify the difference between approxima-
tions, a relative error between the large-aperture approxima-
tion and the time-averaged Fraunhofer approximation for
the forward-looking angle is presented in the Fig. 5(c).
Here the relative error is defined as a modulus of the differ-
ence between the Strehl ratio using the large-aperture ap-
proximation (LAA) and the time-averaged Fraunhofer
approximation, divided by the time-averaged Fraunhofer
approximation. Thus,

Error ¼ kSRLAA − SRFraunhoferk∕SRFraunhofer: (9)

Fig. 5 Comparison of the calculated instantaneous Strehl ratio using the instantaneous wavefronts with the Fraunhofer approximation, Eq. (1),
the time-averaged Strehl ratio using the Fraunhofer approximation, and the large-aperture approximation (LAA), Eq. (3), based on the time-
averaged OPDRMS∕λ at a viewing angle of α ¼ 60 deg (a) and α ¼ 96 deg (b). Relative errors between the LAA, Eq. (3) and the time-averaged
Fraunhofer approximation for a viewing angle of α ¼ 60 deg (c) and α ¼ 96 deg (d).
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Strehl ratios, computed using the large-aperture approxi-
mation, are within 12% from the time-averaged Fraunhofer
approximation for OPDRMS∕λ less than 0.2, and for larger
values of OPDRMS∕λ, the relative error quickly approaches
100%. At the backward-looking angle, the difference be-
tween the Strehl ratio, computed from experimental data
using Eq. (1), and the large-aperture approximation predic-
tions is worse. See the relative error plot in the Fig. 5(d),
where the relative error reaches almost 30% at OPDRMS∕
λ ¼ 0.2.

The instantaneous Strehl ratios have a lot of scatter about
the time-averaged value, which is completely missed when
using the large-aperture approximation. A proper analysis
of the probability distribution of the OPDRMS should be per-
formed to estimate intensity and relative time percentage of
the intensity dropouts,12 which is important when the turret
is used for a free-space, laser-based communication link.

In addition to the Gaussian requirements, the exponential
Maréchal approximation, Eq. (2), was originally applied
only to instantaneous data.1 However, it is now common
practice to use the large-aperture approximation, Eq. (3), as
an approximation for calculating the time-averaged Strehl
ratio. But the nonlinear nature of the relation between the
instantaneous OPDRMS and the Strehl ratio, Eq. (2), sug-
gests that it should not work for the time average, unless
OPDRMS∕λ is small, less than 0.1, when the exponent in

Eq. (2) can be expanded in a Taylor series. Rather, the correct
way to obtain an estimate of the time-averaged Strehl ratio
for a stationary Gaussian process is

SR¼
Z

exp½−ð2πOPDRMS∕λÞ2�PDFðOPDRMSÞdðOPDRMSÞ;
(10)

where PDFðOPDRMSÞ is the probability density function of
OPDRMSðtÞ.

Figure 6(a) and 6(b) shows a comparison of the computed
time-averaged averaged Fraunhofer approximation, given by
Eq. (1), the correct time-averaged Strehl ratio for Gaussian
processes, Eq. (10), and the large-aperture approximation,
Eq. (3), for two angles. In Fig. 6(a), we see the comparison
for the wavefront sequence with a mean excess of 0.38,
corresponding to a forward-looking angle, α ¼ 74 deg, for
AZ∕EL ¼ 66∕48 deg, while the Fig. 6(b) shows results for a
larger value of the mean excess of 0.94 for a side-looking
angle, α¼ 92 deg, forAZ∕EL¼ 93∕46 deg. Relative errors,
defined by Eq. (9), are given in the Fig. 6(c) and 6(d). When
the mean excess is small and the process is approximately
Gaussian, the time-averaged Fraunhofer approximation,
Eq. (1), and the correct time-averaged Strehl ratio for Gaus-
sian processes, Eq. (10), are within 10% of each other for
the given azimuthal/elevation angle for OPDRMS∕λ less than

Fig. 6 Time-averaged Strehl ratios using various equations at AZ ¼ 66 deg and EL ¼ 48 deg (a) and at AZ ¼ 93 deg and EL ¼ 46 deg (b).
Relative errors for the large-aperture approximation, Eq. (3) and Eq. (10), compared to the time-averaged Fraunhofer, Eq. (1), for
AZ ¼ 66 deg and EL ¼ 48 deg (c) and at AZ ¼ 93 deg and EL ¼ 46 deg (d).
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0.35, as shown in the Fig. 6(c). The large-aperture approxi-
mation, on the other hand, is more than 60% from the
time-averaged Fraunhofer approximation for this value of
OPDRMS∕λ. When the process is not Gaussian, Fig. 6(d)
shows that both Eq. (10) and the large-aperture approxima-
tion provide less accurate estimations of the time-averaged
Strehl ratio. Still, Eq. (10) provides a slightly better esti-
mate of the time-averaged Strehl ratio, within 10% up to
OPDRMS∕λ ¼ 0.2, while the large-aperture approximation is
only within 20% atOPDRMS∕λ ¼ 0.2. For largerOPDRMS∕λ,
both approximations provide progressively less accurate
estimations of the Strehl ratio.

As shown in Fig. 4(a), the instantaneous Strehl ratio
significantly fluctuates about the mean value. To illustrate
this phenomenon, let us consider, for simplicity, a one-
dimensional sinusoidal wavefront with a constant wave-
length Λ convecting over the aperture Ap at a constant
speed UC, where

Wðx; tÞ ¼ sin

�
2π

Λ
½x − UCt�

�
:

Here Λ can be treated as the aero-optical structure size. After
removing the instantaneous tilt and piston modes from the
instantaneous wavefront inside the aperture, instantaneous
OPDRMSðtÞ can be computed for different ratios of Ap∕Λ.
Results for three different ratios, Ap∕Λ ¼ 5, 2, and 1, are
presented in Fig. 7. OPDRMS is clearly a function of time,
even when several spatial periods are inside the aperture; this
instantaneous variation of spatial wavefront statistics will
result in the temporal variation of the far-field Strehl ratio.
For the in-flight wavefront data, Ap∕Λ was estimated9 to be
between 2 and 3, thus qualitatively explaining a large varia-
tion in the instantaneous Strehl ratios, shown in Fig. 5(a)
and 5(b).

As it was argued in Gordeyev and Jumper,4 for suffi-
ciently large Reynolds numbers, the typical aero-optical
structure size is proportional to the turret diameter, and as the
diameter-to-aperture ratio is usually between 2 and 3, the
aperture-to-structure-size ratio will be largely independent
of the Reynolds number. Thus, for hemisphere-on-cylinder
turrets like the AAOL turret, instantaneous spatial statistics
will be time dependent, with the corresponding large tem-
poral variation in far-field Strehl ratios, regardless of the
turret size.

When the ratio between the aperture size and the typical
optical-structure size increases, the spatial value of OPDRMS

approaches a constant value, independent of time; from
Fig. 7, it can be seen that the aperture-to-structure-size ratio
should be more than 5 before OPDRMS becomes independent
of time. In this case, the probability function for OPDRMS

becomes a delta function centered around the constant
OPDRMS value. For Gaussian processes, Eq. (10) becomes
the large-aperture approximation, Eq. (3); this is the same
result obtained by Steinmetz.8 One should note that, as
mentioned before, this aperture-to-structure-size ratio is not
reached for realistic, AAOL-like turrets, so the large-aperture
approximation, Eq. (3), is still only an approximation when
applied to aero-optical distortions around turrets at subsonic
speeds.

In a case when a stationary structure is present over the
aperture (an unsteady defocus, for instance), OPDRMS is

always a function of time, regardless of the aperture size.
Again, the large-aperture approximation, Eq. (3), provides
only an approximation of the time-averaged Strehl ratio.
For Gaussian processes, Eq. (10) gives an exact answer.

Although it was shown that the large-aperture approxima-
tion consistently underpredicts the time-averaged Strehl
ratio, for the data analyzed, it still gives a simple way to com-
pute an approximate value for the Strehl ratio for relatively
small values of OPDRMS less than 0.2. A partial reason for
that is that the spatial distribution for analyzed wavefronts
was still almost Gaussian, because the skewness and the
excess were relatively small. In the case of wavefronts with
a spatial probability very different from the Gaussian distri-
bution, caused by the tip vortices from a helicopter blade,13

for example, the large-aperture approximation was shown to
predict the time-averaged values of the far-field intensity
inaccurately.

3 Conclusions
The large-aperture approximation, Eq. (3), is commonly
used to predict system implications of aberrated wavefronts
due to whatever cause, with the caveat of its limitation to
OPDRMS∕λ being restricted to values less than 0.1. As has
been discussed here, this restriction is often exceeded for
aero-optical aberrations for lasers propagated from turrets
on airborne platforms. Because of its common use, this
paper has examined the use of the large-aperture approxima-
tion for wavefronts collected in flight on the AAOL. The
temporally and spatially resolved wavefronts for these in-
flight data propagating from the flat-window turret over a
range of azimuth and elevation angles at flight Mach number
of 0.5 were analyzed. In addition to computing the instanta-
neous spatial OPDRMS values for all measured azimuth and
elevation angles, higher-order statistics were calculated and
presented.

The use of the large-aperture approximation was shown to
yield a reasonable estimation (within 20%) of the actual aver-
age Strehl ratio for OPDRMS∕λ < 0.2. It was shown that the
large-aperture approximation consistently underpredicts the
time-averaged intensity on a target. In this sense, the Strehl
ratio predicted by Eq. (3) could be considered a conservative

Fig. 7 Instantaneous OPDRMSðtÞ for a pure convecting one-
dimensional wavefront, W ðx; tÞ ¼ sinð2πΛ ½x − UCt �Þ, for different
apertures.
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or worst-case estimate of the Strehl ratio, at least for almost
Gaussian processes. A better prediction of the time-averaged
Strehl ratio is possible by using a “corrected” form of the
large-aperture equation based on the probability distribution
and given in Eq. (10). Using Eq. (10), for moderate levels
of aero-optical distortions, OPDRMS∕λ < 0.3, the agreement
was shown to be within 20% when the spatial probability
distribution of wavefronts was Gaussian and within 40%
when the distribution deviated from Gaussian. For the same
range of aero-optical distortions, the large-aperture approxi-
mation was only within 60%, or less than a half of the
time-averaged Fraunhofer Strehl ratio.

In addition, the higher-order statistics were found to be
of value in identifying regions over the turret where some
unique flow physics might be occurring. At the viewing-
angle range between 70 and 100 deg, for example, we were
able to associate the non-Gaussian behavior with the pres-
ence of a separation bubble at the leading edge of the flat
window.

Finally, large instantaneous variations of the Strehl ratio
around the time-averaged value were observed for all view-
ing angles and qualitatively explained. These far-field inten-
sity variations can lead to a series of short intensity dropouts
on the target, potentially hurting the performance for free-
space laser communications. Thus, these dropouts should be
taken into consideration when analyzing and/or designing
beam-control systems to mitigate aero-optical effects.
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