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Synopsis The mechanisms associated with the ability of
owls to fly silently have been the subject of scientific in-
terest for many decades and may be relevant to bio-
inspired design to reduce noise of flapping and non-
flapping flying devices. Here, we characterize the near
wake dynamics and the associated flow structures pro-
duced during flight of the Australian boobook owl
(Ninox boobook). Three individual owls were flown at
8 ms~' in a climatic avian wind tunnel. The velocity field
in the wake was sampled at 500 Hz using long-duration
high-speed particle image velocimetry (PIV) while the
wing kinematics were imaged simultaneously using high
speed video. The time series of velocity maps that were
acquired over several consecutive wingbeat cycles enabled
us to characterize the wake patterns and to associate them
with the phases of the wingbeat cycle. We found that the
owl wake was dramatically different from other birds mea-
sured under the same flow conditions (i.e., western sand-
piper, Calidris mauri and European starling, Sturnus vul-
garis). The near wake of the owl did not exhibit any
apparent shedding of organized vortices. Instead, a more
chaotic wake pattern was observed, in which the charac-
teristic scales of vorticity (associated with turbulence) are
substantially smaller in comparison to other birds.
Estimating the pressure field developed in the wake shows
that owls reduce the pressure Hessian (i.e., the pressure
distribution) to approximately zero. We hypothesize that
owls manipulate the near wake to suppress the aeroacous-
tic signal by controlling the size of vortices generated in
the wake, which are associated with noise reduction
through suppression of the pressure field. Understanding
how specialized feather structures, wing morphology, or
flight kinematics of owls contribute to this effect remains
a challenge for additional study.
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Introduction

Owls are exceptional hunters due to the fact that
most species of the order Strigiformes share the
common characteristic of flight which is nearly in-
audible to humans and, more importantly, to their
prey (Mascha 1904; Dubois 1924; Neuhaus et al.
1973; Bachmann et al. 2007; Sarradj et al. 2011).
Owl’s stealth mechanisms (Thorpe and Griffin
1962) function during both flapping and gliding
flight modes. There are many potential contributors
to this specialized feature of the owls such as wing
morphology, unique feathers structures, and flight
behavior (Graham 1934). Their typical gliding
Reynolds numbers are within the intermediate range
[0(10”)], therefore, low Reynolds number theories
(Weis-Fogh 1973) cannot predict their unique flight
pattern. In addition, owls feature highly maneuver-
able low-speed gliding flight capabilities (Johnsgard
1988), yet their aerodynamic performance (lift—drag
ratio) has been suggested to be relatively low
(Kroeger et al. 1972; Geyer et al. 2017).

The most extensive area of research has been fo-
cused on the role of the feathers (Graham, 1934);
both on their material properties including flexibility
as well as their geometrical ones such as location and
spacing. The material property most studied is the
velvety surface of the flight feathers. Graham (1934)
observed that these velvety feathers (sometimes re-
ferred to as downy) feature long hairs and barbules,
which he hypothesized would muffle any rustling
noise associated with feathers rubbing together. He
also suggested that these feathers act as a sound ab-
sorber, which would dampen out any small vibra-
tions near the wing. Studies modeling the velvety
feathers with an artificial surface that mimics the
feathers (e.g., velvet) have shown that the separation
bubble is reduced, delayed, or eliminated altogether
(Kldn et al. 2009, 2012; Winzen et al. 2013). Winzen

J. Lawley et al.

TIW YW MW NIRMYPN Yapnn wR pron
DORY MW 1°7 21T°pa DO3MYT TTW R
TN W 0D OTWn VR WP YW Tapea
AWR 73PN NI TTW DR 700D 700 0T
WY NR MUY NI Y 19I0 97ITIRN NInonn
SU TP Rw T DY MPTINNG
299°wY 071 7TWa NPYIRNT YW NPYIaaNT
1PWY W 19IRA 7T O R Pt 1Twa
9% WATI F0N PN SNPTINRGT WY nnaa
O79°%D0T O°2°07M7 NN NROPUDRY  Nan
IO MYV LFIDN TIAN LMW 79an 10
W NN RN 700K C1°wa L7100 19933

1apy3a

et al. (2015a, 2015b) showed that the velvety feathers
as well as the flexibility of the wing stabilize the flow
field at low Reynolds numbers, enabling the owl to
fly more slowly.

Another unusual aspect of the owl wing is the
leading-edge serrations: a comb of evenly-spaced
barbs along the wing leading-edge. Graham (1934)
emphasized the importance of the leading-edge ser-
rations as a major noise reducer. Commonly, the
flow past the leading-edge over the wing surface
may be separated depending on the wing’s angle of
attack and its camber. These serrations have been
found to stabilize the flow (Winzen et al. 2014)
and promote the development of a leading-edge vor-
tex (LEV) (Lowson and Riley 1995) that can aug-
ment lift (Geyer et al. 2017). Kroeger et al. (1972)
and Anderson (1973) suggested a mechanism to
achieve this that involved redirecting the flow pass-
ing through the serrations toward the wingtip, which
they proposed delays flow separation and produces
non-linear lift on the outer half of the wing. Rao
et al. (2017) demonstrated that leading-edge serra-
tions play a crucial role in sound suppression at the
expense of low aerodynamic performance at low
angles of attack.

The fringes along the trailing-edge of the wing have
also been studied in connection with the silent flight
of owls. Once the flow passes the wing, it is shed from
the trailing-edge toward the wake region. Former
studies show that these fringes can manipulate the
aerodynamic noise (Bachmann et al. 2012; Geyer
et al. 2012; Jaworski and Peake 2013). Geyer et al.
(2012) conducted acoustic wind tunnel experiments
on prepared wings from a variety of bird species
and concluded that the silent flight of owls is a con-
sequence of their special wing and feather adaptations.

Relative to the role of feathers (Wagner et al
2017; Weger and Wagner 2017), investigations of
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the wake characteristics, and their relation to quan-
tities like pressure that influence noise generation,
are sparse. In particular, wake measurements of
freely flying owls that account for all of the afore-
mentioned feather features, along with flying behav-
ior, are lacking. The wake signature provides
information on flight performance (i.e., aerodynamic
forces) and sheds light on the wing—wake interaction
and associated flow mechanisms (Chin and Lentink
2016).

The distribution of the pressure field in the wake
results from its flow dynamics. The differential form
of the momentum equations (Navier—Stokes)
describes the coupling between the pressure and
the velocity fields. The formation of the wake flow
region stems from the two shear layers moving
across the airfoils and interacting beyond it. The ve-
locity field in the near wake region is governed by a
streamwise velocity deficit that is formed from the
merger of the two-shear layers. The velocity deficit
indicates high level of shear in the wake region, as
well as vorticity. When the Reynolds number is rel-
atively high, the wake becomes turbulent and vortic-
ity plays a major role in the flow dynamics.

Since the pressure is coupled with velocity, it is
also coupled with velocity gradients. It is sometimes
convenient to express the pressure as a function of
the velocity field by taking the divergence of the
Navier—Stokes equation and applying the continuity
equation. This results in an expression that is similar
to the Poisson equation (Corcos 1964). Re-arranging
the equation can yield an expression for the pressure
as a function of vorticity and strain, known as the
pressure Hessian. The noise generated in the wake,
which is commonly referred to as aerodynamic noise
(or aeroacoustics), is a function of the velocity field
and its nature (Lighthill 1952, 1954). The sound
waves are essentially pressure waves and the aerody-
namic noise is governed by the pressure distribution
within the flow. Pressure and density perturbations
generate pressure waves which are correlated with
the sound waves. Since pressure and velocity are
coupled, in order to characterize the aeroacoustics
signature of the owl, one needs to study the wake
dynamics.

Advances in technology have allowed for quanti-
tative measurements of wakes using particle image
velocimetry (PIV). This method has been applied
to a number of flying species (i.e., Spedding et al.
2003; Hedenstrom et al. 2006; Rosén et al. 2007;
Henningsson et al. 2008; Johansson and
Hedenstrom 2009; Tobalske et al. 2009; Altshuler
et al. 2009; Hubel et al. 2010; Muijres et al. 2012;
Kirchhefer et al. 2013; Gurka et al. 2017), and

measurements have been made in both the far
wake (Spedding et al. 2003; Hedenstrom et al.
2006; Rosén et al. 2007; Henningsson et al. 2008;
Johansson and Hedenstrom 2009; Tobalske et al.
2009; Altshuler et al. 2009; Hubel et al. 2010;
Muijres et al. 2012) and near wake (Kirchhefer
et al. 2013; Gurka et al. 2017). All former wake stud-
ies of birds have demonstrated organized shedding in
the wake during flapping flight (see details of their
data collection and the specimens tested in
Supplementary 1). The organized pattern in the
wake of flapping birds wing is dominated by the
shear layers generated above and below the wing,
coupled with root and tip vortices that merge into
the wake region, branching a set of vortex lines that
dominate the wake. The organized shedding enables
estimation of aerodynamic forces, such as lift where
Kutta—Joukowski theorem can be applied to estimate
it during flight (Henningsson and Hedenstrom
2011). These unique measurements in the wake of
freely flying birds are both difficult to obtain and
imperative to the advancement of our understanding
of the different specialized characteristics of various
bird species. They provide critical insight needed to
compare to theoretical models and visualizations of
the wake dynamics of flying birds (i.e., Rayner 1979a,
1979b). It is noteworthy to mention that these con-
ceptual models (Rayner and Gordon 1998) assume
that the wake flow exhibits some sort of organized
motion and are idealized.

Recently, Doster et al. (2014) flew a trained barn
owl (Tyto alba) in a long hallway, where they per-
formed stereo-PIV measurements around the owl
during flight. They showed, qualitatively, that a com-
plex vortex flow system was developed in the wake
during flapping flight. However, a well-defined topo-
graphical characterization of the wake of an owl and
a quantitative estimation of the aerodynamic forces
exerted on it are lacking, either experimentally or
numerically.

In this study, PIV measurements in the near wake
of a freely flying boobook owl (Ninox boobook) were
performed and the results presented herein provide
unique insight into the aerodynamics of owls and the
interaction between their unique wing morphology
and wake flow dynamics. We compare the wake
characterization to two other species that we have
measured under the similar conditions: a passerine
songbird: European starling (Sturnus vulgaris), and a
non-passerine shorebird: western sandpiper (Calidris
mauri). We use wing kinematics from video and
wake reconstructions from PIV measurements to
compute characteristic spatial flow scales of the
wakes. We show that the characteristic spatial scales
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Table 1 Morphological characteristics of the birds flown along with the characteristic flow numbers for the experiments performed at

AFAR
Wing Root Wingbeat
Mass span chord Semi-span Body length Body width frequency Reynolds Strouhal Reduced
Owl (g) (cm) (cm) (cm) (cm) (cm) (Hz) number number frequency
1 273 90 13 40 30 10 6 66,200 0.35 0.31
2 300 78 14 34 31 10 6 71,300 0.37 0.33
3 255 70 14 30 31 9 6 71,300 0.37 0.33

of the wake relative to chord size of the owl are
smaller than those of the other two species and
that the owl exhibits the smallest pressure Hessian.
Because the near wake flow affects the pressure field
within the wake, and the pressure field is related to
the aeroacoustic noise (Lighthill 1952), one can as-
sume that the wake characteristics play a major role
in the aeroacoustic variations.

Materials and methods
Birds

Two male and one female captive reared boobook
owls (N. boobook) were obtained from the raptor
program of the African Lion Safari in Cambridge,
Ontario, Canada and brought to the Advanced
Facility for Avian Research (AFAR) at the
University of Western Ontario, London, Ontario,
Canada under animal protocols from the University
of Western Ontario Animal Care Committee (UWQO
#2010-216) and the African Lion Safari (BOP-15-
CS). Morphological parameters of the owls, as well
as the non-dimensional flow numbers associated
with the performed experiments are summarized in
Table 1.

Over several days the birds were brought to the
AFAR in the morning and flown the same day after a
brief acclimation. The owls were handled by a pro-
fessional trainer (G.M.) but were not systematically
trained in advance of experiments. Rather they flew
steadily for several seconds on each attempt, long
enough to capture image sequences suitable for
PIV and kinematic analysis. Although the flights
took place during daytime the wind tunnel was
dark so that PIV  could be performed.
Optoisolators operated by six infrared transceivers
were integrated into the PIV system (upstream
from the laser sheet location) in order to prevent
direct contact between the bird and the laser sheet
(Kirchhefer et al. 2013). The optoisolators triggered
the laser only when the owl was flying upstream
from the PIV field of view (FOV). The isolation
from the laser sheet and triggering system ensured
the safety of the birds.

Wind tunnel

The owls were flown in the hypobaric climatic wind
tunnel at the AFAR [see Kirchhefer et al. (2013) for
more details]. The wind tunnel is a closed loop type
with a glass octagonal test section of 2 m length,
1.5 m width, and 1 m height preceded by a 2.5:1
contraction. The turbulence intensity at the test sec-
tion was smaller than 0.3% with a velocity profile
uniformity of 0.5%. Speed, pressure, temperature,
and humidity can be controlled to generate various
flight conditions at different altitudes. The birds were
introduced into the test section through a 0.5 m
open jet section located between the downstream
end of the test section and the diffuser. The flight
conditions for all the owls were at ground level: at-
mospheric pressure, a temperature of 15C, and a
relative humidity of 80%. The wind tunnel speed
during the owls’ flight was set to 8 m/s. Using a
projected cross-section of the owl (#1 in Table 1),
conservative estimate of the blockage ratio is below
3.5%. We assume that wall effects due to interaction
between the wing tip and the wind tunnel wall were
negligible given that the minimum gap between the
wall and the wing tip was about 40 cm, which is
much larger than the flow scales characterized by
the wing chord (~13 cm).

Particle image velocimetry

A long-duration time-resolved PIV system (Taylor
et al. 2010) was employed to measure the near
wake field behind the owls’ wings during flight. A
schematic description of the PIV setup and the
hypobaric wind tunnel at AFAR are shown in
Fig. 1. The PIV system consisted of a 80 W
double-head diode-pumped Q-switched Nd:YLF la-
ser operating at a wavelength of 527 nm and two
CMOS cameras (Photron FASTCAM-1024PCI) with
spatial resolution of 1024x 1024 pixel® operating at
a rate of 1000 Hz and a 10 bit dynamic range. The
PIV system was capable of continuously acquiring
image pairs at 500 Hz using two cameras for up to
20 min. Olive oil particles, 1 yum in size were intro-
duced into the wind tunnel using two Laskin nozzles
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Fig. 1 lllustrative scheme of the hypobaric wind tunnel and the experimental setup systems comprised of long-duration time-resolve

PIV and high-speed imaging.

4¢

4c

Fig. 2 PIV and kinematic imaging fields of view (FOV). The locations of the measured FOVs are at the center of the tunnel, observing a
streamwise-normal plane. The PIV FOV was 13x13 cm? and the kinematic FOV was 52x52 cm? The distance between the two FOVs

was 18-19 cm.

(Echols and Young 1963) at the downstream end of
the test section; thus, it did not cause a disturbance
to the flow or to the bird.

One of the CMOS cameras was used for the PIV,
while the other CMOS camera was used for measur-
ing the wingbeat kinematics simultaneously with the
PIV. The PIV camera’s FOV was 13x 13 cm? corre-
sponding to lcx1c where ¢ is the owl mean chord
length (an average of the three owls’ chord lengths)
and the kinematic camera’s FOV was 52x 52 cm?

corresponding to 4cx4c, as shown in Fig. 2. The near
wake flow field was sampled in the streamwise-
normal plane with temporal resolution of 500 Hz
and the distance from the owl’s trailing-edge to the
FOV varied between 1.4 and 4 chord lengths.
Multiple experiments were conducted to sample the
near wake flow field at different locations along the
wing span of the owl, which enabled us to compar-
atively analyze the wake characteristics developed at
different wing sections along the span at each
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Table 2 A summary of the datasets collected during the owl flight experiments

Experiment Scene Number of Total number of  PIV downstream®

Owl number number  vector maps identified® wakes location (c) Light sheet location®

2 1 135 318 150 38 Between the primary and secondary remiges
2 2 136 304 100 2.1 Between the primary and secondary remiges
3 3 137 480 125 24 Center of the primary remiges

3 4 141 271 100 1.6 Between the primary and secondary remiges
1 5 146 410 100 33 At the tip of the primary remiges

3 6 150 150 120 29 Close to the root at the secondary remiges
1 7 153 770 100 42 At the tip of the primary remiges

1 8 158 912 195 39 At the tip of the primary remiges

1 9 159 813 250 2.1 Between the primary and secondary remiges

“Indicate the number of maps where both wing kinematics and flow field were successfully analyzed out of the total number of vector maps per

experiment.
®The distance from the trailing edge where the wake was captured.
‘With respect to the wing spanwise location.

wingbeat. The velocity fields were computed using
OpenPIV (Taylor et al. 2010) with 32x 32 pixel®
interrogation windows and 50% overlap, yielding a
spatial resolution of 64 vectors per average chord,
equal to 1.8 vectors per mm. The average pixel dis-
placement was about 6 where the time between two
exposures was set to 90 us. The coordinate system
used is a right-handed Cartesian system, where x, y,
and z corresponds to the streamwise, normal, and
spanwise directions. x is directed downstream, y is
directed upward, and z is determined according to
the right-hand rule. The streamwise and normal ve-
locity components are denoted by u and v,
respectively.

Estimation of owl wing kinematics'

Wingbeat kinematics were recorded using one of the
high-speed CMOS cameras as described above. From
the acquired images, we calculated the wingbeat fre-
quency, wingbeat amplitude, and angle of attack.
The kinematic images were synchronized with the
PIV images in order to provide a direct relationship
between the wake formed by the wing motion and
its kinematics.

The wake locations with respect to the trailing-
edge of the wing during flight were determined
from both captured images and the distance between
them as depicted in Fig. 2. To determine the location
of the light sheet along the bird’s wing or body, a
30 Hz CCD camera with 1600x 1200 pixel® resolu-
tion was mounted downstream of the test section
pointing toward the location where the bird would
trigger the laser and taking spanwise-normal plane
images. A spatial calibration was performed before
the experiment. Once synchronized, spanwise

positions were assigned to the wake data acquired
at 500 Hz based on interpolation from the simulta-
neously recorded spanwise positions. These images en-
abled us to identify the location of the light sheet
relative to the wing during the experiments and deter-
mine its location with respect to the body center. This
information allowed us to couple the wake flow fea-
tures with the wing morphology: wingtip, primary and
secondary remiges, and close to the body (at the root).
We extracted the wingtip motion using motion
analysis software, Kinovea (https:// www. kinovea.
org). A point close to the wingtip was tracked for
all owls over the continuous wingbeat cycles. For
each data set, the tracking identification for the
kinematics analysis was located at the tip of the
primary feather eight (P8, the third wing feather
from the distal end of the wing). The number of
wingbeat cycles was calculated by normalizing the
total evaluation time with the wingbeat period.

Flow experiments

Table 2 summarizes the collected PIV data sets
obtained during the experiments for the three owls
that were analyzed in this study. Only successful owl
flights were recorded. A successful flight refers to an
experiment where the owl triggered the laser and the
PIV system acquired images of the flow field simul-
taneously with the wing kinematics. The data pre-
sented herein correspond to sets (“scenes”) where
the owl did not accelerate or decelerate and main-
tained altitude during flapping mode. A total of nine
scenes are presented, where each scene consists of
hundreds of vector maps that correspond to multiple
consecutive wingbeat cycles during free flight. This
large set of data enabled us to statistically
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characterize the near wake flow field and its interac-
tion with the owl’s wing. The PIV measurements
were taken behind the owl’s wing where a wake
was present, and the wing motion was clearly iden-
tified in the kinematic images.

An error analysis based on the root sum of
squares method was applied to the velocity data
and the wing kinematics, following Gurka et al.
(2017). The errors were estimated as: 2.5% for the
instantaneous velocity values, 10% for the instanta-
neous vorticity, and 4% for the circulation, which
was calculated, based on the vorticity field (Raffel
et al. 2007). The error introduced in the kinematic
analysis resulted from the spatial resolution of the
image and the lens distortion leading to an estimated
error of 5% in the wing displacements.

Blob analysis

In order to characterize the differences within the
wake flow patterns of the birds studied herein, a
quantitative comparison based on patterns topogra-
phy was performed. For the topographical analysis,
we utilize the so-called “blob” analysis. The motiva-
tion of this analysis is to characterize the dominant
spatial scales in the reconstructed wake. The vorticity
contours are presented in Fig. 5a here, and in Figs. 4
and 5 in Gurka et al. (2017). All the contours plotted
employ a threshold of —1 and +1 for the normalized
vorticity. The blob analysis essentially calculates the
area of the concentrated vorticity regions (w.,c/
Uy <—1 and w,d/U,, > 1) and computes a histo-
gram of these areas. A more detailed description of
the procedure can be found in the Supplementary
Material, Supplementary 3. For brevity, the analysis
transformed vorticity contour images to grayscale
images and removed the background. The grayscale
image was filtered and then converted into a binary
image. The binary image was evaluated for intercon-
nectivity of non-zero pixels using a connectivity of
eight nodes. The sums of the connected pixels were
used to compute an area along with the image cal-
ibration from the PIV measurements. The histogram
of these areas was plotted and power density
functions were fit to the histograms as further de-
scribed in the wake topography characterization
subsection.

Flow scale analysis

In order to characterize the scales of the flow in the
near wake region and their dependency on the flap-
ping wing motion we choose to utilize a known
statistical approach when estimating the integral
lengthscale in case of turbulent flow (Pope 2000).

In order to estimate the fluctuating part of the flow,
we applied a local Galilean decomposition; i.e.,
U = U-Uyg V = V-V, wWhere i, and u,, are
the spatially averaged (over the PIV FOV) velocities
of the velocity components examined over the di-
rection of the correlation. A similar technique was
applied to PIV data in shear flows to remove the
convection velocity (Adrian et al. 2000). The
analysis does not attempt to estimate turbulent
properties based on this decomposition; but rather
is used to calculate the auto-correlation values for a
fluctuating portion of the velocity field, which pre-
sumably is associated with turbulence. The longitu-
dinal scale corresponds to the result obtained from
correlating the velocity component along the same
direction and calculating the area under the nor-
malized correlation curve. Correlating the velocity
components along the normal direction yields the
transverse scales.

Pressure Hessian

The pressure Hessian is a key quantity that controls
vortex stretching through interactions associated
with the pressure term (Ohkitani and Kishiba 1995;
Tsinober 2013) in the momentum equations for flu-
ids. The pressure Hessian is computed by applying a
divergence to the incompressible Navier—Stokes
equations:

vzp:pewz—sz), 1)

where p is the pressure, ? =Ww; & =sjjsip w; is the
vorticity vector, s; is the strain rate tensor, and p is
the fluid density. Note that because the data are com-
prised from two-dimensional flow field measurements,
we can only estimate the corresponding terms contrib-
uting to the pressure Hessian. We account for the
spanwise vorticity component and the rate of strains
in the streamwise and normal directions. While this
term provides an insight to the relation between vor-
ticity and strain, it also provides an indirect estimate
of the pressure field developed within the flow.

Results
Owl wing kinematics

We use a similar approach as Gurka et al. (2017),
which followed guidelines suggested by Wies-Fogh
(1973), where the wingbeat cycle was divided into
four distinct phases: upstroke (US), transition from
US to downstroke (USDS), DS, and transition from
DS to US (DSUS). Following an analysis of the owl
wing’s kinematics as described in the “Materials and
methods” section, Fig. 3 presents images in
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Fig. 4 Wingbeat kinematics: non-dimensional amplitude of the wingtip versus time. The solid vertical lines illustrate the wings tran-
sition phases. The dashed line illustrates the points during the DS where the angle of attack was calculated.

sequential order from right to left as an owl flies
through one full wingbeat cycle during forward flight
(upstream, against the wind). We estimated that for
the various flight durations, the average frequency
was about 6 Hz (Fig. 4). Therefore, the correspond-
ing Strouhal number for owls #2 and #3 was 0.37
and for owl #1 was 0.35. Herein, the Strouhal
number is defined as St =fA/U,, where f is the
flapping frequency, U, is the speed of flight (wind
tunnel speed), and A is the peak-to-peak cross
stream amplitude of the motion (Anderson et al
1998). These values suggest that the owls’ wings,
according to Anderson et al. (1998), may generate
leading edge vortices during flapping flight. A semi-
sinusoidal pattern is observed, covering the US, DS,

and transition phases over almost two consecutive
wingbeat cycles. The axes presented are normalized
by the chord length. The trend is similar for various
data sets covering flights of the three owls. The solid
vertical lines define the transitions between the wing-
beat phases whereas the dashed line illustrates the
point during the DS phase where the angle of attack
was calculated. It is assumed that during the flight,
the owl wing operates at relatively high angles of
attack, which is common in other birds as well
(Shyy et al. 2008). Operating at high angles of attack
at their characteristic Strouhal numbers allows owls
to fly more slowly while still being able to generate
lift (Rosti et al. 2017) through the formation of LEV
(Anderson 1973).
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Fig. 5 Near-wake flow features of the boobook owl while flying in a flapping mode. The owl flew from right to left. (i) Wake
reconstruction—the wake was sampled behind the wing at different spanwise sections: a) between the primary and secondary remiges;
Experiment #9, b) outer region of the wing; the furthest location in the primary remiges; Experiment #8 and c) Middle of the primary
remiges; Experiment #3. Contours represent the values of spanwise vorticity and the velocity vectors superimposed on the contour
maps depict the two-dimensional, two-component velocity field in the near wake. The regions of positive and negative vorticity are
marked in red and blue, respectively. The spanwise vorticity was normalized by the ratio between the chord length ¢, measured at the
semi-span location (between the primary and secondary remiges) and the free-stream velocity (i.e., the flight speed), U.. (i) Wingtip
displacement—the wingtip displacement is plotted against downstream chord length to directly correlate with the respective wake.
The vertical black lines in each graph represent the transition from US to DS or DS to US, respectively. All the wakes have been
calculated based on the same threshold of the normalized vorticity values (—1 to +1).
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Near wake fluid dynamics

The near wake of the owl provides insight into the
flow—owl interaction. The owl wakes differ qualita-
tively from those of other birds that have been mea-
sured (by us and others), which are more similar to
each other. In order to qualitatively assess the wake
evolution resulting from the owl in flapping flight,
we followed the same procedure as originally sug-
gested by Spedding et al. (2003) and utilized later
for other passerines and shorebirds (Kirchhefer et al.
2013; Gurka et al. 2014). The wake evolution in
time, which can be transformed into the evolution
in space enables one to observe how the vortical
patterns in the wake region provide a unique signa-
ture of a bird’s flight. The wake reconstruction pro-
cedure we used is described in detail in Gurka et al.
(2014). Throughout the presented wingbeat cycles,
the owls’ position did not change much relative to
the measurement plane. Therefore, Taylor’s hypoth-
esis (1938) is applied, following the assumption that
the flow remains relatively unchanged as it passes
through the measurement plane. The utilization of
the long-duration time-resolved PIV system enabled
the reconstruction of the wake evolving behind the
wings. The owls flew from right to left (Fig. 3);
therefore, the downstream distance is measured as
positive chord lengths. What appears as downstream
essentially happened earlier while what appears as
upstream happened later. Each wingbeat cycle corre-
sponds to five to eight cord lengths for the various
wakes analyzed. Each individual scene analysis cor-
responds to 0.5-2 wingbeat cycles; thus, we can an-
alyze the flow field behind the owl continuously and
identify trends within the flow patterns.

The evolution of the near flow wake behind the
freely flying owls is depicted in Fig. 5. It appears that
the shedding of vortices from the wing are somewhat
lacking coherence or consistency where one would
expect to observe some sort of shedding behavior;
organized or non-organized from a propulsive
wake (as can be observed during birds’ flight, i.e.,
Spedding et al. 2003; Hedenstrom et al. 2006; Rosén
et al. 2007; Henningsson et al. 2008; Johansson and
Hedenstrom 2009; Tobalske et al. 2009; Altshuler
et al. 2009; Hubel et al. 2010; Muijres et al. 2012;
Kirchhefer et al. 2013; Gurka et al. 2017). The vor-
ticity patterns in the wake appears disorganized, as
shown in multiple sets of the data for the three owls
investigated (Fig. 5). Figure 5a depicts the wake re-
construction from data taken in Experiment 9. The
wake presented corresponds to the flow formed
above and below the wing section, located between
the primary and secondary remiges. Additional
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datasets acquired at the same location are shown in
the Supplementary Material for Experiments 1, 2, 4,
and 7 (see Supplementary 2). Experiment 8, pre-
sented in Fig. 5b, corresponds to the wake formed
at the outer region of the wing; the furthest location
in the primary remiges, where a tip vortex is present.
The tip vortex appears as a concentrated spanwise
vorticity region, almost circular in its geometrical
shape marked with strong positive and negative vor-
ticity values preceded by weak shedding that occurs
over the entire wingbeat cycle. Additional datasets
acquired at the same location are shown in the
Supplementary Material for Experiments 5 and 7
(see Supplementary 2). It is noteworthy that
Experiment 7 had mixed wake flow patterns, which
may indicate that the owl was moving in the span-
wise direction during flight. Figure 5c¢ depicts the
wake behind the middle point of the primary
remiges (Experiment 3). Experiment 6, which
presents the wake behind the secondary remiges
close to the root, is depicted in the Supplementary
Material (Supplementary 2). In general, the common
feature for all the wakes examined is that the con-
centrated regions of spanwise vorticity are small,
suggesting that small scales dominate the wake
flow. This qualitative examination of the recon-
structed wakes shows a different topography of the
vorticity field in comparison to other birds that have
been tested in the same facility (Gurka et al. 2017):
the near wake flow of passerine such as European
starling (S. vulgaris) and America robin (Turdus
migratorius) and a shorebird (western sandpiper, C.
mauri) exhibit an organized wake where shedding is
observed, although these birds are of different size
and flight behavior. Furthermore, bird wakes studied
in different facilities over the years have demon-
strated organized wakes where shedding was ob-
served independent of the flight mode or the bird
species (see Supplementary 1). This discrepancy sug-
gests that owls generate a wake substantially different
when compared with these other birds.

Wake topography characterization

In order to quantitatively characterize differences be-
tween the wakes of the boobook owl measured in
our experiment and those typical of other birds,
we performed a topographical and flow-scale analysis
of the reconstructed wakes of the boobook owl,
European starling, and western sandpiper as de-
scribed in the “Materials and methods” section. We
chose these two birds for comparison because they
were flown at the same facility using the same mea-
surement tools, and we have full access to their data.
The results of the analysis of each species are
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Fig. 6 Histogram of the number of concentrated spanwise vorticity regions at the wake of the three birds. The histogram is based on
blob analysis performed on the wake reconstruction contours appear in Fig. 5a for the owl and in Figs. 4 and 5 in Gurka et al. (2017)

for the sandpiper and starling, respectively. The top figures illustrate the positive spanwise vorticity selections and the bottom showing
the negative ones. The left figures compare the owl with the sandpiper; the middle compare it with the starling and the right figures

compares the sandpiper with the starling.

compared and contrasted to enable a measure of the
distinction of the wakes. Figure 6 depicts the histo-
gram for Experiment 9 with the owl, along with the
corresponding histograms for the starling and sand-
piper wakes. The two subplots represent the histo-
grams for the identified areas with positive vorticity
(top figure) and the areas associated with negative
vorticity (bottom figure). The histogram distribution
for the starling and sandpiper appears to be similar,
spanning a range of areas (02x 107* to
2.0x107* m?), with a large standard deviation. In
comparison, the owl histogram is more narrowly dis-
tributed with a lower mean area than the other birds.
These results are consistent over the range of experi-
ments presented here (see Supplementary 2). The
measured mean and standard deviation of the blob
analysis histograms of the owl are smaller than the
other two birds and are provided in Supplementary
Table S1 in Supplementary 3. These results

demonstrate that regions of large magnitude vorticity
(w,c/ Uy, >|1]) in the wake of the owl tend to be
smaller than those of other birds relative to their
chord size. The limited large-scale motion in the
owl’s wake suggests that large-scale motion may be
suppressed/damped or not generated at all. This re-
sult is also consistent with the qualitative compari-
son of the wakes (Fig. 5a), where the wake
reconstruction of the owl appears to exhibit a disor-
ganized shedding compared with the starling and
sandpiper.

Flow scale analysis

For the flow scale analysis, we estimated a character-
istic flow scale using auto-correlation functions ap-
plied to the data in the near wake region (see details
of the birds investigated in Table 3). The flow in the
wake was unsteady and turbulent due to the inter-
mediate Reynolds number. Smith et al. (1993)
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Table 3 Morphological characteristics of the birds flown and the experimental parameters used for the fluid dynamic comparative

analysis
Wingspan Wing Wingbeat Wind speed Reynolds Strouhal Reduced
Mass (g) (cm) chord (cm) frequency (Hz) (mls) number number frequency
Owl 273 90 13 6 8 66,200 0.35 0.31
Sandpiper 303 255 4.5 13 10 31,000 0.28 0.19
Starling 78 382 6 12.5 13.5 54,000 0.16 0.17

Table 4 Characteristic flow scales at the near wake based on the
auto-correlation of the velocity fields

Sandpiper Starling Owl
Flow scale DSUS® USDS® DSUS USDS DSUS USDS
Longitudinalscale L4 0.19 024 016 0415 0.06 0.07
L, 026 018 013 018 007 0.09
Transverse scale Ly, 0.14 016 014 011 0.06 0.08
Ly 018 023 013 011 006 0.09

Note: The scales are normalized by the respective wing chord length.
’DSUS, DS to US phase.

PUSDS, US to DS phase.

“1 and 2 refers to the streamwise and normal directions in the wind
tunnel, respectively.

showed a linear relationship between concentrated
regions of high vorticity and turbulent flow scales
in homogenous turbulence (Smith et al. 1993). The
characteristic turbulent scale is known as the integral
lengthscale which is calculated from the auto-
correlation function of the fluctuating velocity field
with respect to a prescribed direction (Pope 2000).
The wake developed behind the freely flying owl was
unsteady and one cannot use the classical Reynolds
decomposition in order to extract the velocity fluc-
tuations. Therefore, we used Galilean decomposition
of the velocity field as described in the “Materials
and methods” section. Both longitudinal and trans-
verse scales were calculated for the two velocity com-
ponents and compared between the three birds, as
shown in Table 4. The scales presented are averaged
over each vector map and then over time: L;; is the
longitudinal length scale for the streamwise velocity
(1) in the streamwise direction (x) and L,, is the
longitudinal length scale for the normal velocity (v)
in the normal direction (y). The transverse scales
(L1, and L,;) correspond to the flow scales based
on the streamwise velocity (1) and the normal ve-
locity (v) along directions normal to each velocity
component, respectively. Because the wake flow
results from the wingbeat motion, the flow scales
were estimated for two phases during the wingbeat
cycle: the transition from DS to US (DSUS) and the
transition from US to DS (USDS). The computed

scales are normalized by the respective chord lengths
(Table 4). The flow scales of the owl wake are
smaller by an order of magnitude with respect to
the wakes of the other two birds, whereas the flow
scales of the wakes behind the starling and the sand-
piper have similar magnitude. The flow scales do not
seem to be dependent on the wingbeat phases. In
addition, these flow scales are substantially smaller
than the wing chord length and presumably are gov-
erned mainly by vorticity and/or strain. The smaller
dominant flow scale found for the owl in compari-
son to the other birds is consistent with the results of
the topographical analysis. The results of the flow
scales and topographical analysis quantitatively dem-
onstrate how the owl’s wake is fundamentally differ-
ent from the two other birds.

Pressure distribution within the near wake

To further explore the observed scale reduction, we
examined the velocity gradient tensors; mainly the
vorticity and strain in the wake region. We use the
relation between pressure and velocity gradients
through the pressure Hessian [see Equation (1)]
that is derived from Navier—Stokes equations and
play a dominant role in the vorticity equation, allow-
ing to study the relation between pressure and ve-
locity gradients, locally (Ohkitani and Kishiba 1995;
Tsinober 2013). While this term provides an insight
to the relation between vorticity and strain, it also
provides an indirect estimate of the pressure field
developed within the flow. Because aerodynamic
noise is associated with pressure, it seems appropri-
ate to examine the pressure Hessian, and compare it
with that of other birds whose aeroacoustic signature
is louder than that of an owl. Figure 7 presents a
histogram distribution of the right-hand side of
Equation (1) for the three birds, using the same
data as the topographical and flow analyses. The
right-hand side term of Equation (1) is calculated
at the near wake region behind the wings, for all
three birds in flapping mode about the wing mid-
section. Therefore, it is plausible to assume that the
locations of the measurements with respect to the
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Fig. 7 Histogram of the right-hand side term in Equation 1 (x-axis), which is the pressure Hessian (p[0.5w*—s%]), where p is density, ®
is vorticity, and s is strain-rate at the near wake region for the three birds. The histogram is based on calculating the vorticity and the
strain fields for experiment #9 for the owl, and experimental data for the sandpiper and starling were deduced from Gurka et al.
(2017). Blue, red, and green histograms correspond to the owl, starling, and sandpiper wake data, respectively.

wings in the spanwise and streamwise directions
were similar and the phenomena observed occurred
roughly at the same flow configuration. The blue
colored histogram distribution in Fig. 7 corresponds
to dataset obtained from Experiment 9 (owl 1),
which has a mean value near zero with a tail ranging
up to —0.25 kg/m’ s°. In contrast, for the starling, it
ranges from 0 to —2.5 kg/m’ s> (red histogram) and
the sandpiper ranges from 0 to —0.5 kg/m” s> (green
histogram); both with non-zero mean values. The
histogram distribution for the starling is flatter,
spans a wide range of values, and is similar to a
normal distribution while the other two birds have
a more skewed distribution, similar to log-normal
distributions.

The difference between the distributions may be
attributed to the wake flow patterns, which appear to
be meandering for the owl and the sandpiper and
less meandering for the starling, for the data cases
studied herein. It is noteworthy that the same calcu-
lation was performed for the other owls’” datasets and
all had similar distributions to the one presented in
Fig. 7 (blue color histogram) with a similar range of
values (see Supplementary Fig. S2 in Supplementary
2). Calculating 95% confidence intervals indicates
that there is no overlap in the mean gradient pres-
sure distributions among the owl
(m =SD =-0.018*0.032, 95% CI —0.022 to
—0.013), sandpiper (m =SD =-—0.14 = 0.16, 95%
CI —-0.17 to —0.12), and the starling
(m =SD =—1.14 =043, 95% CI —1.21 to —1.08),
where m is the mean, SD is the standard deviation,

and CI is the confidence interval. These statistics
show that the distribution of the pressure gradient
of the owl’s wake is closer to zero (at least an order
of magnitude smaller compared with the other birds)
with little variation. This result indicates that the
wake dynamics behind the owl are fundamentally
different in comparison to the other two birds—con-
sistent with the results of the other analyses. For the
starling and sandpiper, the histogram mean values
[right side of Equation (1)] are negative, on average.
Here, @® corresponds to enstrophy and s* is propor-
tional to dissipation; thus, these results imply that
dissipation is more dominant in the starling and
sandpiper wakes behind the wing mid-span location,
relative to the enstrophy [based on the relations be-
tween them in Equation (1)]. Yet, for the owl, the
enstrophy is approximately double the dissipation as
both terms counter each other to yield values in the
wake that are close to zero. Therefore, we hypothesize
that the owl, using its unique wing morphology, gen-
erates more vorticity than strain, which essentially is
achieved by generating more small scales while
destroying, or not generating, large scales in its wake.

Discussion

The near wake flow dynamics of an owl feature
unique characteristics that may be associated with
its ability to fly silently. Our findings demonstrate
significant differences between the wake of an owl
and the wake of other birds (Spedding et al. 2003;
Hedenstrom et al. 2006; Rosén et al. 2007;
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Henningsson et al. 2008; Johansson and Hedenstrom
2009; Tobalske et al. 2009; Altshuler et al. 2009; Hubel
et al. 2010; Muijres et al. 2012; Kirchhefer et al. 2013;
Gurka et al. 2017); these include bird wakes studied in
various facilities over many years that have demon-
strated organized wakes where shedding was ob-
served independent of the flight mode or the bird
species (see Supplementary 1).

The qualitative examination of the reconstructed
wakes shows a different topography of the vorticity
field in comparison to other birds that have been
tested in the AFAR wind tunnel (Gurka et al.
2017): the near wake flow of passerines such as
European starling (S. vulgaris) and America robin
(T. migratorius), and a shorebird (western sandpiper,
C. mauri) exhibit an organized wake where shedding
is observed, although these birds are of different size
and flight behavior. A detailed comparison between
the owl wake and two birds: the western sandpiper
and European starling were performed. While they
are not comparable in size with the owl, they present
broadly similar wake patterns although they differ in
their flight behavior: long distance migratory, con-
tinuous flapping (sandpiper), and intermediate dis-
tance migratory, flap-gliding (starling).

In comparison to the other two birds, the wake of
the owls is quantitatively different in terms of the
scales of the flow. This result was confirmed by two
different methods of estimation of the flow scales. The
topographical analysis demonstrated that the owl’s
wake is qualitatively more disorganized (no street is
apparent) at the mid-span location of the wing and
contain smaller areas of large magnitude of vorticity
(|w/Uy| > 1). This result is consistent with the
notion that owls do not feature high aerodynamic
performance (Kroeger et al. 1972; Geyer et al. 2017).
An aerodynamic body is expected to generate an or-
ganized street in the wake (Gerrard 1966; Roshko
1993). Yet, such organized structures are absent in
the owl’s wake. Furthermore, the flow scale analysis,
which estimates the decorrelation scale of the flow
patterns in the wake, indicates a smaller scale for
the owl compared with the other two birds, consistent
with the topographical analysis. The apparent absence
of large flow scales may suggest that the turbulence
production activity associated with these scales is
somewhat limited (Pope 2000; Tsinober 2013). The
dominance of small scales in the wake region also
indicates an increase in the turbulence dissipation
rate and vorticity. Together, this implies that over
the wingbeat cycle, there is an imbalance between
the production and dissipation of turbulence energy.

The aspects of the flow that result in the different
distribution of scales were examined via the
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distribution of the two-dimensional pressure
Hessian in the wake. The distribution for the owl
shows that the pressure Hessian term has a mean
near zero with a narrow distribution compared
with the other two birds. The larger enstrophy in
the owl’s wake relative to the dissipation (s*) further
supports the results of smaller flow scales in the
wake and/or suppression of larger scales. This result
implies that in the owl’s wake the strain and vorticity
fields interact with each other differently in compar-
ison to the other two birds because the pressure
Hessian describes the non-local interaction between
vorticity and strain (Nomura and Post 1998).
Tsinober (2013) suggested that when a flow field
has a zero pressure Hessian, then the flow must be
non-turbulent, or in other words, that nonlocality
due to pressure is essential for (self-)sustaining tur-
bulence. Therefore, the zero distribution suggests
that turbulence is suppressed through distractive lo-
cal interaction between vorticity and strain. The
small mean pressure Hessian could be related to
the noise suppression because noise and pressure
are related, and we conjecture that the suppression
of aerodynamic noise occurs through modulation of
the flow scales in the wake.

Based on our findings we suggest that most of the
owl’s wake has either (i) a strong three-dimensional
motion in the spanwise direction (not measured)
such that the wake behind the primary remiges is
weakened relative to the tip region, or alternatively
(ii) experienced a significant degradation of the tur-
bulence level. For the former case it may be that
these wake dynamics resulting from flow patterns
formed above the wing section are shifted in the
spanwise direction toward the wing tip such that
the majority of momentum is transferred from the
streamwise to the spanwise direction (as suggested
originally by Kroeger et al. 1972). This shift would
minimize the wake activity behind the majority of
the wing by shifting all the momentum toward the
tip region.

The degradation of turbulence may be the result
of the unique morphological structure of the
leading-edge serrations (Bachmann and Wagner
2011), velvety feathers surface, and trailing-edge
fringes (Graham 1934) of the owl’s wing. Once the
flow interacts with the wing at the leading edge, the
serrations funnel the flow and presumably shift some
of the momentum toward the tip; then the flow
passes over the velvety feathers, forming pseudo-
smooth surface; thus, maintaining lift and reducing
friction (Bachmann et al. 2007). Subsequently, the
flow passes toward the trailing edge. At the trailing
edge, some of the fringes are oriented in the
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streamwise direction and some are oriented to over-
lap with the neighboring feathers (Bachmann et al.
2012), generate additional mixing due to their non-
structured configuration. We suggest that this pro-
cess causes the length scales of the flow to decrease
dramatically, suppressing the large scales while pro-
ducing more mixing and forming more small scales,
which corresponds to additional generation of vor-
ticity. This additional vorticity and/or suppression of
larger flow length scales lead to a decreased pressure
gradient field that can be associated with the aero-
dynamic noise. We suggest that the noise reduction
is partially achieved by alternating the scales of the
flow. Further research into how the various morpho-
logical features of the wings modify flow scales to
balance the strain and vorticity fields in such a way
that the pressure gradient field is minimized should
be pursued.
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Flow features of the Ninox boobook

Synopsis Caracteristicas do fluxo de esteira proximal da
coruja Ninox boobook durante o vo batido sugerem meca-
nismo aerodindmico de supressdo sonora para voo furtivo
Caracteristicas do fluxo de esteira proximal da coruja
Ninox boobook durante o voo batido sugerem mecanismo
aerodinamico de supressio sonora para voo furtivo (Flow
features of the near wake of the southern boobook owl
(Ninox boobook) during flapping flight suggest an aerody-
namic mechanism of sound suppression for stealthy flight)
translated to  Portuguese byG Sobralgabisobral@gmail.
com Os mecanismos associados a capacidade das corujas
de voar silenciosamente tém sido objeto de interesse cientifico
ha muitas décadas e podem ser relevantes para o biodesign
ao reduzir o ruido de dispositivos voadores com flapping e
ndo-flapping. Aqui, caracterizamos a dindmica da esteira
proximal e as estruturas associadas de fluxo produzidas
durante o v6o da coruja Ninox boobook. Trés corujas
voaram em um tanel de vento climatico a 8§ ms - 1. O
campo de velocidade na esteira foi amostrado a 500 Hz
usando velocimetria de particula por imagem (PIV) de alta
velocidade e longa duragdo, enquanto a cinematica da asa foi
visualizada simultaneamente usando video de alta velocidade.
A série temporal de mapas de velocidade que foram adquir-
idos ao longo de virios ciclos de batida de asas consecutivos
nos permite caracterizar os padrdes de esteira e associd-los as
fases do ciclo. Descobrimos que a esteira produzida pela
coruja era dramaticamente diferente de outras aves medidas
sob as mesmas condi¢des de fluxo (i. e, magarico ocidental,
Calidris mauri e estorninho comum, Strunus vulgaris). A
esteira proximal da coruja ndo exibia qualquer desprendi-
mento aparente de vortices organizados. Em vez disso, foi
observado um padrio de esteira mais cadtico, no qual as
escalas de vorticidade caracteristicas (associadas a turbuléncia)
sdo substancialmente menores em comparacio com outras
aves. Estimar o campo de pressio desenvolvido na esteira
mostra que as corujas reduzem o Hessiano da pressdo (i.
e., a distribuicio de pressdo) para aproximadamente zero.
Nossa hipétese é de que as corujas manipulam a esteira
proximal para suprimir o sinal aeroactistico, controlando o
tamanho dos vortices gerados na esteira, que estdo associados
a redugdo de ruido através da supressio do campo de
pressio. Entender como as estruturas especializadas das
penas, a morfologia das asas ou a cinematica do vdéo de
corujas contribuem para esse efeito continua sendo um desa-
fio para serem explorados em estudos adicionais.
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Synopsis Las caracteristicas de flujo de la estela cercana
del baho de boobook del sur (Ninox boobook) durante el
vuelo del aleteo sugieren un mecanismo aerodindmico de
supresion del sonido para el vuelo sigiloso (Flow features
of the near wake of the Australian boobook owl (Ninox
boobook) during flapping flight suggest an aerodynamic
mechanism of sound suppression for stealthy flight):
translated to Spanish by] Herasherasj0l@gmail.com
Los mecanismos asociados con la capacidad de los bthos
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para volar en silencio han sido objeto de interés cientifico
durante muchas décadas y pueden ser relevantes para el
disefio bioinspirado para reducir el ruido de los disposi-
tivos de vuelo de aleteo y de no aleteo. Aqui, caracteriza-
mos la dindmica de estela cercana y las estructuras de flujo
asociadas producidas durante el vuelo de la buho boobook
Australiano (Ninox boobook). Tres buhos individuales
volaron a 8 ms - 1 en un tunel de viento climdtico aviar.
El campo de velocidad en la estela fue muestreado a 500
Hz usando una velocimetria de imagen de particulas de
alta velocidad (PIV) de larga duracién, mientras que la
cinemdtica del ala se fotografi6 simultdneamente usando
video de alta velocidad. Las series de tiempo de los mapas
de velocidad que se adquirieron en varios ciclos consec-
utivos de aleteo nos permiten caracterizar los patrones de
estela y asociarlos con las fases del ciclo de aleteo.
Descubrimos que la estela del biho era draméticamente
diferente de otras aves medidas en las mismas condiciones
de flujo (es decir, Correlimos de Alaska, Calidris mauri y
el Estornino Pinto, Strunus vulgaris). La estela cercana de
la bdho no mostré ningin desprendimiento aparente de
vortices organizados. En lugar, se observé un patrén de
estela mas cadtico, en el que las escalas caracteristicas de
vorticidad (asociadas con la turbulencia) son sustancial-
mente mas pequefias en comparacién con otras aves. La
estimacion del campo de presion desarrollado en la estela
muestra que los baihos reducen la presion Hessian (es
decir, la distribucién de la presién) a aproximadamente
cero. Nuestra hipétesis es que los bihos manipulan la
estela cercana para suprimir la sefal aeroacustica contro-
lando el tamaiio de los vortices generados en la estela, que
estan asociados con la reduccién de ruido mediante la
supresion del campo de presién. La comprension de
cémo las estructuras de plumas especializadas, la
morfologia de las alas o la cinemdtica de vuelo de los
bthos contribuyen a este efecto sigue siendo un desafio
para un estudio adicional.



Flow features of the Ninox boobook

SLOemTule, QFeTeTs: L,LLe HeNS 6T60r
Sl L Ninox boobook LIM&GEGWD QUTWLS!
IMVESPESILGLD STHMET @)UI&5HEMHIG&6T
LHMID  ANSHCTTH  QSTLILLU  STHm

611961 8> T M) 55 6T 21,5\ W6 m M eor
LIGDOTL| & 60)6ITS Q& TS5 S afeufl&alI6TGermiD.
LMD 6USH EH&H TS QU UEMINGHSLILIL L,

Smeuplensy  LToLUThSGemer  LIrSueds@in
FILU  STHOSESHTHBINSUND  epeTm
F60f1 & SIQUDTET Y HeNSHHET QBTILHSG 8 LSLLT
CassHey LUMEs ofLliulLer. QBOHCHD,
HCas particle image velocimetry (PIV) eT6ur
WUl LG QsmSleLEIL LGS
LWeTLURSS QBMesSE 500 LLMHSGET efsin
&STHNeT HlengFCalsLliL|VmBG6eT QLML L 6oT.
315Carm(h (3) 65)600T LI T60T @ WHEIS Wenev
UGB HETSH, hosseaflar FMHIQEGLID
@QDEHENEHEELT QSTLIFRALTS CH ATCaus
55560 LILIDNGESLILLL6T. @) &HHmM&UI L6V
@M&EM&HFFHPHF&EDHSHG QUL L
SMVSQSTLT  HengCals  allauIenerser,
STHM QUIES QIQEIBISGET DMHMID SnMI8em6T
AMGLLOSS, s 2 (HaMsEH W GMILLL
CHISEH @mEamsuller  emne]  WMMID
Bl LT QS TLIL UBSSH  LI6uoTL|&HemerT
aflauiflEs BLNGEG UTULIL&HEM6T QIPBIGHMS!.
@GCs &meuBlemey WLMHMID GCous  Blemevs
Cs 1y erfleor ug Sprmwil L DML
umenauseflphs  (CLOMHSSH W 2 6TeTmeT,
Calidris mauri LDMHMID BCTTLILIW  [HITSHEBOTEUITL,
Strunus vulgaris), 31560 & 8 6ITIT6V
IVEHPESHLILLL STHAlET  LIGoTL| &6
dwgse <emelhEe LIDILLYGUUS @bHS
QL TmiFSR U6 F6ooT(HLIN1G.E8LILIL Ll
abensWiledr @memnsuller AmEN 2 6Ter
STHmILILeD, G SSLULULL QSTLTER Wmer
FLOAVILD SMTHm QWSS o )1 & 606
QeueflliL(R&Hellsvemey. LOTMITSH

SThmiliLenrerg W& eWhBIGEHMN &6 8 e6vmer
GGV HTMHMIG FnMIEG6TH G &ITE00TI)(HHSHS.
Guah, @b HFLOSGTHMIE  Fnmiserfler
LITETemLD 66 &6T, LDMmMLILIMemeU&serfleniL 6ot
RUUIEIL QUTWE HelFINT&HES (GMMeITs
2 6GTeTgl. QSTLIBSI, STHMLDSHSHLI L|6VMhIGHD 6T
jerei® QFUIg LUMF&HGSW0heaUTs),
HNHHET  HTHMWSHSH  (pressure  Hessian)
LURATSeme/LTame  gmsESTy  SHPWNMsS
& 60) 1D & G\ 60T D 60T eTeoT Ll HeolILG&PmS!.
©) 185 60TLD IBITMHI &6, 21560) & 55 61T ITEOT60) 61
Seumnilerr Nereofl M@y STHOLILVESmMSE
F MO S 60 85 W meuoT (b
& LP6V S ITM M1 &> For. M) 55 6111 60T LIMT60TemLO
SeTasamers SLOLUGSSUFH T  eneuld
STOOWSHSL L{6v 5 &) 6ot LBTHemn608
GOMESE HTHRMTESF T FLO & 60)8 & 60 6T

19



20

RBHHGHOTMET  6TedT  3|eIlnMefl&EHCMITID.
@5HmM&EW  STOHAMTOFTT  FUlldbanssGer
QETFFNL T QGHTLFLIMLUIME. QS ITL(HLD
QTTULFR G, 2 HENHEF F\m G o erfl 6ot
A LI meoT QUL eUEMLDLIL| &6, 36U M eoT
QM&HMSE QG AINTHMILILIGOTLISET  DMHMILD
@MES @ WIBIH WL S WeumenmLl
L1531 @ &5 IT6ITE15 & 60 SQ LILemL WM&
FOUMUTSHE|LD MDHR M.

J. Lawley et al.



	obz001.pdf
	obz001-TF1
	obz001-TF2
	obz001-TF3
	obz001-TF4
	obz001-TF5
	obz001-TF6
	obz001-TF7

	New-obz001.pdf
	obz001-TF1
	obz001-TF2
	obz001-TF3
	obz001-TF4
	obz001-TF5
	obz001-TF6
	obz001-TF7




