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Abstract
A limiting factor in the design of smaller size uncrewed aerial vehicles is their inability to navigate
through gust-laden environments. As a result, engineers have turned towards bio-inspired
engineering approaches for gust mitigation techniques. In this study, the aerodynamics of a
red-tailed hawk’s response to variable-magnitude discrete transverse gusts was investigated. The
hawk was flown in an indoor flight arena instrumented by multiple high-speed cameras to quantify
the 3D motion of the bird as it navigated through the gust. The hawk maintained its flapping
motion across the gust in all runs; however, it encountered the gust at different points in the
flapping pattern depending on the run and gust magnitude. The hawk responded with a
downwards pitching motion of the wing, decreasing the wing pitch angle to between−20◦ and
−5◦, and remained in this configuration until gust exit. The wing pitch data was then applied to a
lower-order aerodynamic model that estimated lift coefficients across the wing. In gusts slower
than the forward flight velocity (low gust ratio), the lift coefficient increases at a low-rate, to a
maximum of around 2–2.5. In gusts faster than the forward flight velocity (high gust ratio), the lift
coefficient initially increased rapidly, before increasing at a low-rate to a value around 4–5. In both
regimes, the hawk’s observed height change due to gust interaction was similar (and small), despite
larger estimated lift coefficients over the high gust regime. This suggests another mitigation factor
apart from the wing response is present. One potential factor is the tail pitching response observed
here, which prior work has shown serves to mitigate pitch disturbances from gusts.

1. Introduction

In recent years, uncrewed aerial vehicles (UAVs), have
increased in popularity. UAVs have been developed
for a wide variety of applications, ranging from mil-
itary to civilian, including search and rescue, per-
sonal entertainment, and commercial videotaping [1,
2]. Some companies are also proposing automated
delivery services using UAVs. A significant drawback
to UAV usage is the lack of stability while operat-
ing under adverse aerodynamic conditions such as
gusts. A gust becomes more significant for a UAV as
its velocity magnitude approaches the magnitude of
the UAV’s flight speed. For smaller drones, such dis-
turbances are common in urban or suburban envir-
onments due to airflow around buildings [3]. Larger

fixed-wing UAVs struggle with clear air turbulence at
altitude, similar to early crewed jetliners [4]. At the
same time, natural flyers such as birds often fly in
gusty conditions generated due to obstacles such as
terrain and buildings [5, 6]. Furthermore, the gusts
encountered by these natural flyers are nominally of
a magnitude similar to their flight speed [7, 8]. As
such, in the recent past, engineers have turned to
bio-inspired engineering to develop gust mitigation
strategies.

Research has been conducted onmorphing-wings
to characterize their performance compared to fixed-
wingUAVs [9, 10]. Other groups have taken a detailed
look at gust mitigation by mimicking feathers seen
on gliding birds [11, 12]. Bioinspired designs that
mimic the motion of a bird flapping are also in
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development [13, 14]. Flapping wing designs that
mimic birds display increased stability, efficiency, and
maneuverability [15]. To better understand this flight
regime, research has been conducted to fully charac-
terize the effects of wing modulation on flight sta-
bility. Wind tunnel analysis of a flapping wing sug-
gests decreased sensitivity to turbulence in the free
stream [16]. Observations from natural flight have
also reported that an eagle’s flight patterns are cor-
related with imprints of turbulence in the environ-
ment [17]. Observations of soaring steppe eagles sug-
gested gust mitigation through the use of wing-tucks,
while gliding gulls changed pitch stability through
movements at the wing joints [18, 19]. Experiments
using hummingbirds flying through upward gusts
reported a spectrum of control strategies including
the simultaneous use of wing flapping and tail fan-
ning [20]. Recent analysis of owl gliding showed a gust
response characterised by increasing the angle of elev-
ation of the wing and decreasing the pitch angle [21].
These investigations helped reveal a variety of the nat-
ural methods used by birds in gust responses and the
aerodynamics involved in gust responses.

Here, the aerodynamics of the gust response
in birds will be characterized by quantifying the
response of a red-tailed hawk flying in an indoor flight
arena, with vertical upward gusts introduced using
fans. The bird employed flapping flight outside of
ground effect through the flights where it experienced
two primary flight regimes, defined by the ratio of
gust velocity to forward flight velocity (also known as
gust ratio): low gust ratio (0.60± 0.01) and high gust
ratio (1.16 ± 0.04). The flights were recorded using
a set of high-speed cameras placed around the tun-
nel. Following the recording, 3D tracking data of the
wing, tail, and body were collected [22]. The tracked
points were then used to characterize the hawk’s gust
response by computing geometric variables such as
the wing angle of attack and tail roll angle. A lower-
order unsteady aerodynamicmodel was used together
with the geometric variables to produce lift coeffi-
cient estimates. These lift coefficients were then used
to conduct a relative comparison of the hawk beha-
vior in both regimes in order to analyze the effective-
ness of the hawk’s response.

This experiment revealed a remarkable gust mit-
igation ability in the red-tailed hawk. The gust
response was characterized by a downward wing
pitch, along with an upward tail pitch as each of these
surfaces encountered the gust flow. The tail also rolled
in many recordings, but with variable direction.
Despite substantial changes in wing pitch, the estim-
ated lift coefficient rose rapidly in the case of high gust
ratio, before nearly plateauing 0.5–1 chord lengths
after the gust encounter. The value ultimately reached
a maximum of around 4–5 in high gust ratio runs.
The lift coefficient rose slowly but constantly across
most low gust ratio runs, before reaching amaximum

of around 2–2.5. The lift coefficients dropped rapidly
after exiting the gust column. Despite increased lift
coefficients in high gust runs, the tracked change in
bird height over the fans remained similar across both
gust regimes. This suggests the presence of other mit-
igation factors, separate from thewing pitch response,
that assist in gustmitigation. From the kinematic ana-
lysis of the gust response, the tail response was identi-
fied as one such potential factor; itmay have enhanced
pitch stability as was seen in hummingbirds [20].

2. Methodology

2.1. Flight arena
Experiments were conducted in an indoor flight
arena (figure 1) in the Department of Aerospace
Engineering at Auburn University. While preliminary
work by our group used an outdoor flight arena con-
sisting of an inflatable tunnel with fans placed near
the exit [23], the external gusts made it infeasible for
well-controlled experiments. The indoor arena design
had to account for the ease of access by birds and cam-
eras, as well as the effects of turbulent air flow [24].
To facilitate bird and personnel access, both ends of
the arena were left open, with a series of poles and
plastic separators constructed between them to form
the enclosed space. The arena had a length of 15.20m,
a width of 3.05 m, and a height of 2.60 m, and gust
generating fans were placed 6.10 m from the bird’s
starting perch. To prevent the hawk from flying in
ground effect, two foam-covered barricades with a
height of 0.92mwere placed in the tunnel, one 2.57m
before and one 1.50 m after the gust generator fans. A
gap was introduced in the ceiling of the arena above
the gust generators to allow the gust to escape, pre-
venting any secondary gust effects from recirculat-
ing air. The hole was covered with a coarse mesh net
to dissuade the bird from flying upwards. Two twin-
head 9000-lumen LED work lights (Craftsman) were
placed at the far left and right of the tunnel, 1.14 m
before the fans, oriented to illuminate the bird as it
passed over the fans.

The next design consideration for the flight arena
was camera orientation, ease of calibration, and cam-
era recording parameters. The volume of interest
spanned from 0.9 m before the fans to 1.8 m after
the fans, and from the top of the fans to 0.9 m above
the fans. This region contained the majority of the
bird’s flight during the gust interaction. The cam-
era arrangement consisted of four cameras: one was
placed 2.26m in front of the fans at a height of 0.79m,
angled 10◦ upward. Two were placed approximately
0.61 m before the fans just outside the tunnel, at
a height of 2.05 m, angled 30◦ downward and 57◦

from the horizontal tunnel wall. The last camera was
placed 1.80 m after the fans at a height of 2.54 m,
angled 45◦ downward. The last camera was securely
attached by attaching to a metal frame, which also
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Figure 1. Illustration of flight arena showing the instrumentation and equipment.

centered the camera in the middle of the six fans.
An illustration of the flight arena with camera place-
ment is illustrated in figure 1. This orientation cov-
ers the desired volume, while also providing enough
unique sight lines to facilitate a simple calibration.
Two Phantom VEO 640L cameras and two Phantom
VEO 4K 990L cameras with aNikon 18-105mm f/3.5-
5.6G lens were used to record the flights. Flights were
recorded at a 500 frames per second frame rate, a
4096×2304 pixel resolution for VEO 4k 990L cam-
eras, and a 2560×1600 pixel resolution for VEO 640L
cameras. This corresponds to a spatial resolution of
0.083 cm/pixel centered on the gust generators result-
ing in each pixel covering around 2.82% of the birds
wing chord. Two GoPro Hero 6 Black cameras were
also placed in the tunnel, one after the fans looking
toward the perch and one next to the fans looking
towards the flight path to record overall flight beha-
vior not in the field of view of the high-speed cameras.

The gusts were produced using six 30.5 cmGlobal
Industrial utility blowers, model # T9F246343, placed
17.5 cm above the ground as illustrated in figure 1.
The fans were capable of producing different gust
strengths. The low and high setting produced an
average gust velocity of ∼4.3 ms−1 and ∼7.7 ms−1,
respectively, at a typical flight elevation of the hawk.
The ratio of the gust velocity to the forward flight
velocity of the bird was then defined as the gust ratio.

Based on the recorded flight speeds of the hawk, the
gust ratio for low speed and high speed was 0.60 ±
0.01 and 1.16± 0.04, respectively. These two regimes
will be referred to as ‘low gust ratio (LGR)’ and ‘high
gust ratio (HGR)’, respectively. The fans were placed
on an open-bottomedwoodenplatform, such that the
six fans formed a line normal to the flight path. The
detailed characterization and profile of the gust velo-
city is presented in a previous publication [23].

2.2. Hawk characteristics
A male red-tailed hawk (Buteo jamaicensis) named
‘Petey’ from the Southeastern Raptor Center in
Auburn, Alabama, was used for all runs. The hawk
had a tip-to-tip wingspan of 1.19 m and an average
wing chord length (c) of 0.23 m. The length of the
tail from the base to the tip was 0.14 m in the longest
section. The mass, which was quantified just before
the flight on each recording day, averaged 945 g, with
a range of 932 g to 954 g among the three record-
ing days. The hawk was flown through the flight
arena under the guidance of an Institutional Animal
Care and Use Committee (IACUC - 2018-3302 and
2021-3911) and the United States Fish protocol and
Wildlife Service (USFWS) scientific collecting permit
(MB77511C-0, MB677361-1, and MBPER0009547).
The hawk was handled by Southeastern Raptor
Center (SRC) staff or SRC volunteers under the
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supervision of SRC staff. At the beginning of each
flight, the hawk was placed upon the starting perch
by SRC staff or volunteers. A second staff member or
volunteer stood at the location of the ending perch.
This staff member or volunteer would then execute
a visual command that influenced the hawk to fly
through the tunnel. Recording sessions lasted a total
of one to two hours, with breaks at the discretion of
the handlers if the hawk displayed signs of needing
rest. In between flights, the hawk would rest upon a
glove or a perch near the flight arena.

2.3. Flight motion tracking and post processing
Before bird flight experiments were initiated, the
volume was calibrated using a checkerboard pattern.
A checkerboardwasmoved aroundwithin the desired
volume in the vision of cameras 1, 2, and 3 in one
video; and in the same volume in the vision of cam-
eras 2, 3, and 4 in a second video. A very short third
video was made with a calibration axes constructed
from a Zometool Basic Kit erector set placed on the
fans. The easyWand program was used together with
the tracked corners of the checkerboard to obtain an
accurate volume calibration, similar to methods that
involve a wand moving around the volume [25].

With the calibration data collected, bird flight
experiments were initiated. Image data recording
began at the push of a button, which would simul-
taneously trigger all cameras based on a signal the
camera operator received from the SRC bird handler
staff as the bird was taking off the perch. A total of
ten runs were conducted, six at the high gust ratio,
and four at the lower gust ratio. Together with the
calibration gathered from easyWand, the MATLAB-
based DLTdv8 motion tracking application was used
to gather accurate 3Dpoint data [22]. Fourteen points
were tracked in each frame over the course of ten
flights. Four on the tail, eight on the wings (four per
wing), one on the beak, and one on the torso. Figure 2
shows the position of each point on the bird.

The 3Dpoint trajectories were then used to estim-
ate geometric data on the response of the bird to
the gust. Before any analysis was conducted, the raw
point data was passed through a low-pass filter with
sampling frequency 500 Hz and bandpass frequency
of 50 Hz to remove small oscillations due to any
errors. The beak point was used to determine the
overall flight velocity, whichwas almost entirely in the
x direction. Points 1, 2, 3, and 4 were used to com-
pute the geometric angle of attack of the wing (αgeo)
by comparing the x-coordinates and z-coordinates.
Points 11, 12, 13, and 14 were used to compute
the wing elevation angle (β) by comparing the y-
coordinates and z-coordinates. The roll angle of the
tail (τ ) and the angle of the tail pitch (ι) were determ-
ined using points 6 and 8, and points 7 and 9, respect-
ively. The velocity of the wings was found using the
wing points and a linear interpolation method. At

any point s, the instantaneous velocity in one direc-
tion was assumed to be a linear interpolation between
point s+ 1 and s− 1, as shown in the below equation:

(
dx

dt

)
s

=
xs+1 − xs−1

ts+1 − ts−1
. (1)

In equation (1), s is defined as Ut/c, where U is the
forward velocity of the pitching ‘plate’, i.e. the wing.
This value was calculated for each run using the slope
of a linear fit of point 5 position data. By extension,
point s− 1 is the location along the flight path one
frame before point s, and point s+ 1 is the location
one frame after. These values would then be used to
calculate the lift coefficients using the unsteady mod-
els discussed in the next sub-section.

2.4. Unsteady aerodynamic loads estimation
To better understand the unsteady aerodynamic load-
ing on the birds wing during the gust interaction, a
lower-order unsteady aerodynamic model was used
to estimate the lift coefficient of the wing over the
fan. The unsteady aerodynamics of a gust acting on
a wing was first examined by Kussner [26], who pro-
posed a model to estimate lift. Later research would
investigate the optimal ways to mitigate gusts using
this model, a model we will also use [27]. Over the
fans, the wings can be estimated as a flat plate in a
gust flow field, as the wings are extended and the pitch
angle changes. The lift coefficient equation is shown
below.

Cl = 2πW(0)

(
α(s)+

1
4U

dα(s)
ds

)
+ 2π

ˆ s

0

dW(τ)

dτ

(
α(s− τ)+

1
4U

dα(s− τ)

ds

)
+

dK(τ)

dτ
vg (s− τ −Dc (s− τ))

U
cos(α(s− τ))dτ

+
π

2

(
cos2 (α(s))− sin2 (α(s))

) dα(s)
ds

(2)

where s is non-dimensional distance; wing begins
pitching at 0, W(x) is the Wagner function, α is the
geometric angle of attack of the wing, U is the for-
ward flight velocity, τ is some location between 0 and
s, K(x) is the Kussner equation for the wing at zero
angle of attack, vg is the vertical gust speed, Dc is the
new location where the gust is encountered due to
wing pitching.

Several assumptions in unsteady aerodynamic
theory that are applicable to this model [27] are: (i)
the flow is considered to be inviscid and incompress-
ible; (ii) the vorticity elements shed from the wing
trailing edge are confined to the horizontal plane
aligned with the wing; (iii) vorticity is not shed from
the leading edge; (iv) the gust shear layer is rigid and
does not deflect during the wing-gust encounter; (v)
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Figure 2. Summary of bird flight points tracked with DLTdv8.

the disturbances affecting the wing are small and thus
small angle approximations are valid.

For a plate that does not rotate, experiments have
supported the usefulness of Kussner’s model even in
high gust ratios [28]. Therefore, this model should
serve as a reliable estimation of the lift coefficient on
the bird’s wings. Additional assumptions that were
made in this study include: (i) the wing surface area
exposed to the gust remains constant; (ii) the gust
velocity is constant across the wing; (iii) integrations
can be approximated using a step trapezoidal approx-
imation; (iv) the bird’s wrist chord can be used to
approximate overall wing changes; (v) the gust can be
modelled as a vertical column.

Using the extracted flight motion data, the lift
coefficient was estimated at the wrist, on the left and
right wings. The lift coefficient was estimated from
the time the wing first encountered the gust to when
the wing exited the gust column.

To assist in characterizing the effectiveness of the
gust response, the change in hawk height due to the
gust (∆z) was calculated from tracked body points.
As z was assumed to start at an equilibrium point des-
ignated as ‘0’, the final height change was taken to be
the final z value calculated.

3. Results

3.1. Overall flight pattern
First, we consider the bird’s overall flight pattern and
trajectory over the gust generators. The bird’s specific
flight path was not controlled by the experiment, and
small variations occurred across runs. Using the 3D
coordinate data from the different wing and body loc-
ations, flight tracks were created to check these vari-
ations and ensure that both wings were within the
width of the gust generators during flight, as shown in
figure 3. We found that the bird remained above the
center of the fans for a majority of the runs, allowing

both wings to experience gust effects across the entire
surface.

The bird’s overall flight trajectory from land-
ing to takeoff was not tracked by the high speed
cameras, which were focused on the region imme-
diately surrounding the gust. However, the GoPro
camera recordings allow for the following descript-
ive account. The bird’s overall flight pattern through
the gust generator began with takeoff from the start-
ing perch, followed by several vigorous wingbeats
transitioning to lower amplitude flapping as the
bird approached the gust region. The bird typically
entered the gust region at an upstroke-to-downstroke
transition point in the flapping cycle during low gust
ratio runs and at themidpoint of the downstroke dur-
ing high gust ratio runs, despite efforts to change this
phase relationship by repositioning the takeoff perch.
The only observed changes in phase occurred dur-
ing high gust ratio runs, where the bird changed its
flapping motion after the second run to hit the gust
at a different point (mid-downstroke) in the flapping
pattern. However, for the final run the bird returned
to the flapping pattern established in the first and
second runs. In those runs, the bird would enter the
gust at an earlier point in the downstroke, the earliest
being at the start of the downstroke. The bird contin-
ued flapping through the gust, albeit with lower amp-
litude in the high gust condition, before slowing and
landing on the end perch. The hawk remained above
ground effect throughout, and gliding flight was typ-
ically not observed. The average flight speed through
the gust region was 7.16 ± 0.13 ms−1 for low gust
ratio runs and 6.61 ± 0.23 ms−1 for high gust ratio
runs.

3.2. Geometric response
To comprehensively characterize the gust response,
the variation in bird’s wing geometric angle
of attack (chordwise) and wing elevation
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Figure 3. Summary of low gust ratio bird flight paths tracked by wing wrist and tail edge points.

Figure 4. Summary of variation of geometric angle of attack with non-dimensional wing wrist distance.

angle (spanwise) was quantified for both high and
low gust ratio conditions and is summarized below.
Note that the geometric angle is plotted against x̂,
which is equivalent to x/c, where x is the x-location
of the wing wrist.

3.2.1. Geometric angle of attack
The geometric angle of attack results are provided in
figure 4. In both high gust and low gust ratio runs, the
hawk entered the gust region with a geometric angle
of attack between 0◦ and 20◦. The left wing entered
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Figure 5. Summary of variation of wing elevation angle with non-dimensional wing wrist distance.

with a slightly higher pitch angle during some low
gust ratio runs, with a value usually between 20◦

and 30◦.
As the hawk’s wing crossed the gust, it pitched

downwards at a roughly constant rate, ceasing the
pitching motion shortly before exiting the gust. Both
high gust and low gust ratio regimes see the bird
exit the gust with a geometric angle between −20◦

and −5◦. While high fan gust ratio runs possess
a larger spread of exit angles, the exit angles are
remarkably similar across both regimes. The only
substantial distinction between regimes was the rate
at which the wing ceases pitching. Low gust ratio
runs reached constant pitch anywhere between 0.5–
2.0 chord lengths after initial gust encounter. High
gust ratio runs reached constant pitch no sooner than
2.0 chord lengths after initial gust encounter. As noted
earlier, the left wing exhibited an elevated initial pitch
in the low gust ratio regime. The wing appears to be
pitched upwards much more significantly than the
right wing. However, the wings are nearly symmet-
rical in response. The discrepancy comes from the dif-
ferences in flapping regime, characterised by figure 5.
Just before the gust encounter in the low gust ratio

runs, the hawk had an unextended wing in a late
upstroke configuration, with the wrist flexed rather
than extended. It is difficult to characterize the wing
with a single geometric angle of attack in this config-
uration, and small differences in bird alignment in the
arena lead to large differences in α. This initially leads
to slightly elevated values and a convergence of values
once the wings are extended.

3.2.2. Wing elevation angle
The spanwise angle, or the elevation angle of the
wings, varied between gust ratio regimes, as shown
in figure 5. At the low gust ratio conditions the
hawk was observed to enter the gust with elevated
wings and reach maximum elevation just before or
just into the gust region. This resembles a normal
flapping pattern, with the end of the upwards flap
occurring at maximum elevation angle. No substan-
tial changes to the flapping cycle are observed due
to gust effects in the low gust ratio runs. The high
gust ratio runs were characterized by the hawk enter-
ing with slightly elevated wings, usually between 10◦

and 30◦ upwards. As the hawk crossed the gust, the
wings usually increased the elevation angle on the
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Figure 6. Summary of variation of tail pitch and tail roll angles with non-dimensional wing wrist distance.

scale of 5◦–15◦, but a decrease in elevation angle
across the gust was observed for two of the runs. The
four runs where the elevation angle increased correl-
ates with a momentary delay in the flapping cycle,
setting the high gust ratio runs apart from low gust
ratio runs. The two regimes also differ significantly in
elevation angle. Elevation angle in the low gust ratio
runs increased at the start of each run before slowly
decreasing through the fan region. In high gust ratio
runs, the elevation angle generally decreased, only
increasing slightly over the fans in some runs.

3.2.3. Tail response
The tail geometric response, shown in figure 6, con-
sists of the modulations of the pitch angle and the roll
angle. The tail entered the gust region pitched down-
ward, between −30◦ and −45◦ for high gust ratio
runs, and between −20◦ and −30◦ for low gust ratio
runs. After encountering the gust, the tail pitched
upwards (i.e. towards a positive pitch angle) at a
constant rate. This rate was much faster for high gust
ratio conditions than for low gust ratio conditions.

The tail roll angle entered the gusts between −5◦

and 5◦ for high gust ratio conditions and between
5◦ and 20◦ for low gust ratio conditions (counter-
clockwise as viewed from rear is positive). Over the
gust, the roll angle was observed to vary without any
obvious pattern. However, apparent tail roll angle
responses were observed during the gust interactions;
both high and low gust ratio condition experiments
show sudden shifts in tail roll angle at different points
along the trajectory through the gust region.

3.3. Unsteady aerodynamic loads on the wing
The lift coefficients, shown in figure 7, were calculated
at the wing wrist for the left and right wings for all
runs. The fan region in each graph details when the
wing wrist was located directly over the fans.

The low gust ratio regime showed initial instabil-
ity in lift coefficient, before stabilizing into a near lin-
ear increase. Lift coefficient is maximized as the wing
wrist leaves the gust, with a maximum value of 2–2.5.
After the wrist leaves the gust column, the lift coeffi-
cient drops rapidly.
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Figure 7. Summary of wing chord lift coefficient with non-dimensional wing wrist distance.

The high gust ratio regime was observed to have
a similar rapid increase upon gust column entry, but
with a greater magnitude. The rapid increase ceases
around a lift coefficient of 3–4, before beginning a
slow increase or plateau. The lift coefficient is max-
imized just as the wrist leaves the gust, with typical
maximum values around 4–5 and a global maximum
up to 6 in one run.

Without the downwards pitching motion
described above in the wing geometric angle of attack
section, the wing would have experienced a larger
lift coefficient. This can be seen from equation (2)
and from figure 8. The figure shows expected lift
coefficients, assuming that the geometric angle of the
wing remained constant after the gust encounter. The
average geometric angle at gust entry was used as the
constant angle in both low gust ratio and high gust
ratio runs. The ‘pitching’ lift coefficient is the average
lift coefficient across both wings. The maximum red
percent decrease in lift coefficient between pitching

and no pitching conditions is around 43% and 33%
in low and high gust ratio conditions, respectively.

3.4. Flight dynamics
The results of the height change are shown in
table 1. Both regimes displayed a similar result-
ant height after gust interaction. In the low gust
regime, the height change remained between 2.20
and 4.15 cm, with an average of 2.92 cm. In the
high gust regime, the height change remained
between 0.90 and 4.11 cm, with an average
of 2.67 cm.

In figure 9 below, a graphical summary of the res-
ults is shown, starting before the fans in the right
image. As the bird encountered the gust, the wings
would pitch downward and the tail would pitch
upwards (i.e. more positive pitch angle). The variable
∆h represents the observed (actual) change in height
tracked using flight videos. After gust encounter, the
hawk would see a range of track changes, but all
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Figure 8. Summary of wing chord lift coefficient with non-dimensional wrist distance assuming no wing pitching motion.

Table 1. Tracked height changes in low and high gust ratio runs.

Low gust ratio runs

Run number ∆ h (cm)

7 2.48
8 2.20
9 2.86
10 4.15

Mean 2.92

High gust ratio runs

1 4.11
2 1.16
3 4.02
4 0.92
5 3.32
6 2.46

Mean 2.67

involved an increase in flight altitude. Therefore, ∆h
is shown to be above the zero line after gust encounter.

4. Discussion

4.1. Wing response
The hawk displayed a consistent and predictable wing
response pattern across gust magnitudes. The hawk
entered the gust during or just before the downward
portion of the flapping cycle, crossing the gust with
wings fully or almost fully extended. A clear differ-
ence in the flapping cycle was observed between gust
regimes. In low gust ratio runs, the hawk enters the
gust at the upstroke-to-downstroke transition point,
near maximum elevation angle, as the wings finish
extending outwards. In high gust ratio runs, the hawk
enters the gust halfway through the downstroke,when
the wings are fully extended.

The wings pitched downwards during a gust
encounter in both regimes, rapidly decreasing the
geometric pitch angle. This pitchingmotion saturated
at around −10◦ from the horizontal for the low gust
ratio and around−20◦ for the high gust ratio. Similar
responses have been observed in gliding owls, with
wing pitch reaching a consistent −20◦ over compar-
able gust ratio regimes [21]. This downwards pitch-
ing motion curtailed lift coefficient increases in both
regimes. A downwards pitch motion induces negat-
ive lift on the wing assuming no vertical gust, calcu-
lated using parts of equation (2) that do not account
for vertical gusts. For low gust ratio runs, the lift coef-
ficient slowly increased throughout the gust, prevent-
ing a large increase due to the impinging vertical gust.
The high gust ratio runs have an initial rapid increase,
before reaching a region of only slight increase or near
plateau. Although the hawk does a remarkable job in
minimizing gust effects, the increased lift coefficient
and saturated pitch suggest a potentialmaximumgust
mitigation potential from the wings. Even with a neg-
ative lift coefficient induced by wing pitchingmotion,
the gust still overpowers the wing response, reflected
in the increased lift coefficient. To completely mitig-
ate the gust, analysis using flat plates suggests a min-
imum pitch angle around −43◦ for high gust runs,
and around −30◦ for low gust runs [27]. The sat-
urated pitch could be indicative of a physical limit
to the response, or that the hawk recognizes no fur-
ther improvement to the gust response from contin-
ued wing pitching.

The most similar previous study to the work
presented here was performed in owls [21], and while
there are clear similarities in the responses of the dif-
ferent species of birds, there are also marked differ-
ences that may be the result of biological differences
between the animals or the specific experimental con-
text in the two studies. Both birds decreased wing
pitch angle during the gust response, with a change
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Figure 9. Summary of hawk gust response.

in wing pitch angle around −20◦ in owls, much less
than observed in the hawk. The owls also reacted with
substantial wing tucking, which was not observed
from the hawk [21]. One possibility for the diver-
gence is that the hawk’s gust interaction was so brief
that wing tucking was not required. The gust exper-
ienced by the owl was nearly double the length of
the gust (in the flight direction) experienced by the
hawk. A second possibility is that a smaller pitch angle
change from the owl was prompted by the presence
of increased wing elevation and tucking. The gust
mitigation provided by absorbing some gust impulse
into the wing (leading to the elevation change) and
decreasing the area of force application would lead
to a smaller pitch change. The hawk’s wing pitch
angle saturated at similar angles, across runs with and
without significant elevation angle changes, suggest-
ing that the hawk’s pitch angle is not affected by elev-
ation angle. Another difference was observed with
change (∆) in wing elevation angle. The owl dis-
played total changes between 20◦ and 30◦, while the
hawk displayed changes in elevation angle between
−40◦ and 30◦, depending on the gust regime. This
could be explained by the flight regimes identified in
each study. The owl glided before the gust encounter
and did not have to flapmuch after the gust encounter
[21]. The hawk still had to fly 9 meters to the end-
ing perch, requiring at least one more flap, discour-
aging the hawk from either significantly changing
the flapping pattern or ceasing the flapping pattern
entirely. A flap naturally covers a larger range of elev-
ation angles, leading to a larger variety of changes
in elevation angles. The hawk also entered the gust
at varied points during the flapping cycle across gust
regimes, leading to yet more variation in the mag-
nitude of change. There are a few potential causes of
this discrepancy, one being a change in gust mitiga-
tion requirements. Some HGR elevation angles dis-
play an interruption of the flapping motion, where
the wing pauses the downstroke over the gust, cor-
relating to the increase in elevation angle and sub-
sequent decrease. The absence of a similar pattern in

LGR runs suggests the possibility of regime-specific
gustmitigation or even learned responses, but the dif-
ference may be due to other factors as well, including
day to day variation.

The observed height change initially does not
appear to support the hypothesis of maximum gust
mitigation potential. In both flight regimes, the hawk
displayed a similar gust mitigation effectiveness, as
evidenced by the similar tracked changes in height.
This would suggest that the hawk can use the wing
alone to mitigate gusts; however, the estimated lift
coefficient, and by extension the lift forces, weremuch
greater in the high gust regime. The hawk is expec-
ted to experience a greater height increase in the high
gust regime relative to the low gust regime. Apotential
explanation for this is the presence of an additional
factor that helps with gust mitigation, acting along-
side the wing pitch reduction-based gust mitigation.
Due to the complex nature of a gust response, several
factors must be considered, covered in section 4.3.
We hypothesize that the most important additional
factor is the tail response. The tail can change overall
dynamics through lift, drag, and moments through-
out the bird’s center of mass, leading to the similar
mitigation ability observed.

4.2. Tail response
The tail possessed a similarly predictable response
in pitch. At high gust ratio conditions a greater ini-
tial downwards pitch was observed, with initial pitch
around −30◦ to −45◦, while low gust ratio condi-
tions started with a pitch around −20◦ to −30◦. The
tail pitch remained largely stable until gust encounter,
after which it increased (i.e. becomes more positive)
approximately linearly. This could be indicative of a
passive response in which the tail can be modeled as
a spring. This movement upwards would likely pre-
vent an extreme downwards pitching moment on the
body, but the extent of this effectiveness is challen-
ging to categorize from the current measurements.
The hawks tail could act similarly to bat tails or bird
tails, which have been observed to act as pitch controls
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and pitch oscillation dampeners [29, 30]. Similar gust
control schemes have also been observed in Anna’s
hummingbirds, with a significant increase in dorsov-
entral deflection (body-relative tail pitch) during gust
interactions [20]. Glider modeling of the humming-
bird’s physical response showed that a deflectable tail
moderates the pitch response after gust interaction;
however, it should be noted that the hawk experi-
ences a different gust regime than the hummingbird.
In that study, the hummingbirds experienced gusts of
magnitude 6–12 ms−1; coupled with a forward speed
around 1.5ms−1 it corresponds to gust ratios between
4–8. The hawk experienced gust ratios of 0.6 and 1.16,
much smaller than the hummingbird. The humming-
bird displayed significant body pitching, while the
hawk did not. This could be explained by the gust
ratio differences, where tail deflection is enough to
prevent significant changes in body angle at lower
gust ratios; however, the vast mass difference between
hawks and hummingbirds (∼1000 g vs.∼5 g)must be
taken into account.

A rolling response of the tail was also observed,
but with a less consistent pattern. A variety of
counter-clockwise and clockwise rotations were
observed, although counter-clockwise rotations
dominated. A rolled tail provides a unique profile
that contributes towards pitch and yaw moments
[31]. The rolled tail could be used to mitigate pitch
perturbations from the gust, as well as any yaw per-
turbations from instabilities in the flow.

4.3. Additional considerations
One explanation for the observed characteristics is
the limitations of lift coefficient estimation scheme.
Lift coefficients were estimated using an unsteady,
2D model that attempts to describe 3D aerodynamic
behavior. Interactions between the flow, protruding
feathers at the wingtips, and the bird torso leads
to complex flow patterns that are hard to charac-
terize without computational fluid dynamics. Other
assumptions such as a rigid wing and zero span-
wise flow also introduce error when compared to
real phenomena. Nevertheless, because the lift coef-
ficients were calculated in each gust regime using an
identical scheme, the inaccuracies should have lim-
ited effect on the resultive comparisons that underpin
our conclusions.

Another possible explanation for the disparate
high- and low-gust results is the possibility of stall
during gust interactions; a lack of comprehensive flow
field data limited the consideration of stall in the
gust response analysis. However, the interaction of
a wing with a discrete transverse gust could cause
rapid changes in angle of attack and can result in
dynamic flow separation [28] and associated aerody-
namic loading, akin to a dynamic stall event [32]. This
could result in a transient increase in lift before a sig-
nificant decrease and associated increases in drag and

pitching moment which could play a significant role
in the flight dynamics of the bird after the gust inter-
action. Any dynamic stall like events are expected to
be most significant in the high-gust ratio condition,
possibly explaining why the bird did not experience a
change in trajectory despite higher estimated lift coef-
ficient for that condition.

5. Conclusion

The response of a hawk flying through a discrete
transverse gust was defined by characteristic wing and
tail dynamics. Upon encountering the gust, the hawk
pitched both wings sharply downwards, before reach-
ing a plateau ofmaximumpitch. The flappingmotion
was not disturbed in low gust cases, but a minor
increase in wing elevation (i.e. abbreviated flapping
motion) was observed during high gust cases. Wing
pitching contributed to significant gust mitigation, as
reflected in observed height changes and estimated
lift coefficients. However, the gust effect still over-
came the wing’s mitigation motions alone, leading to
increasing estimated lift coefficient during the gust
encounter and in the high gust compared to low gust
condition. Examination of the change in height over
the gust revealed unexpectedly similar results in both
regimes. Due to increased estimated lift coefficient
over the wing from the gust, the high gust run was
expected to display greater height changes; however,
that was not observed. This suggests that additional
unaccounted factors affected the response. One pos-
sible source is the tail response. At gust encounter, the
tail rapidly pitched upwards which could act tomitig-
ate body pitch changes, possibly reducing significant
gust effects during exit. The tail also rolls left or right
during the gust, likely contributing to both pitch and
yaw stability, again reducing gust effects on the flight
dynamics. Future research is needed to investigate the
tail response and its aerodynamics to fully character-
ize the gust response.

Data availability statement

The data that support the findings of this study are
available at the following URL: https://figshare.com/
s/60f3e1e42ea55d7bf6da.

Acknowledgments

The authors would like to acknowledge the assist-
ance of Andrew Hopkins and all volunteers at the
Auburn University Raptor Center for helping con-
duct the bird flight experiments. Furthermore, the
authors acknowledge the members of the Applied
Fluid Research Group and Dr Eldon Triggs and
Mr Andy Weldon in the Department of Aerospace
Engineering at Auburn University.

12

https://figshare.com/s/60f3e1e42ea55d7bf6da
https://figshare.com/s/60f3e1e42ea55d7bf6da


Bioinspir. Biomim. 19 (2024) 036011 C Bamford et al

Research compliance

The experimental protocol was approved
by the Institutional Animal Care and Use
Committee (IACUC - 2018-3302 and 2021-3911) and
the US Fish and Wildlife Service (USFWS) scientific
collecting permit (MB77511C-0, MB677361-1, and
MBPER0009547).

Funding

This project was primarily supported by the
Intramural Grants Program (IGP - 180297) at
Auburn University. P S acknowledges the support of
a NASA Space Grant Fellowship (NNH19ZHA001C)
for data collection. TLH acknowledges the support of
the National Science Foundation (IOS-1930886). V R
acknowledges the support of the National Science
Foundation (CBET-2145189) on Fluid-Structure
Interactions, monitored by Dr Ronald Joslin.

ORCID iDs

Paul Swiney https://orcid.org/0000-0002-4567-
8865
Tyson L Hedrick https://orcid.org/0000-0002-
6573-9602
Vrishank Raghav https://orcid.org/0000-0001-
8667-4409

References

[1] Restas A et al 2015World J. Eng. Technol. 3 316
[2] Noor N M, Abdullah A and Hashim M 2018 Remote sensing

UAV/drones and its applications for urban areas: a review
IOP Conf. Ser.: Earth Environ. Sci. 169 012003

[3] Jones A R 2020 Phys. Rev. Fluids 5 110513
[4] Fuller J 1995 J. Aircr. 32 235–46
[5] Baskaran A and Kashef A 1996 Eng. Struct.

18 861–75
[6] Murakami S and Mochida A 1989 Build. Environ.

24 51–64
[7] Shepard E L, Williamson C and Windsor S P 2016 Phil.

Trans. R. Soc. B 371 20150394
[8] Golubev V V and Visbal M R 2012 Int. J. Micro Air Vehicles

4 79–92
[9] Abdulrahim M and Lind R 2004 Flight testing and response

characteristics of a variable gull-wing morphing aircraft

AIAA Guidance, Navigation and Control Conf. and Exhibit
p 5113

[10] Jones K, Bradshaw C, Papadopoulos J and Platzer M 2005
Aeronaut. J. 109 385–93

[11] Abbasi S and Mahmood A 2019 J. Braz. Soc. Mech. Sci. Eng.
41 524

[12] Abbasi S, Mahmood A and Khaliq A 2022 Songklanakarin J.
Sci. Technol. 44 1238–47

[13] Folkertsma G A, Straatman W, Nijenhuis N, Venner C H and
Stramigioli S 2017 IEEE Robot. Autom. Mag. 24 22–29

[14] Karásek M 2014 Robotic Hummingbird: Design of a Control
Mechanism for a Hovering Flapping Wing Micro Air Vehicle
(Universite libre de Bruxelles)

[15] Ajanic E, Feroskhan M, Mintchev S, Noca F and Floreano D
2020 (arXiv:2002.02421)

[16] Fisher A, Ravi S, Watkins S, Watmuff J, Wang C, Liu H and
Petersen P 2016 Bioinspir. Biomim. 11 046010

[17] Laurent K M, Fogg B, Ginsburg T, Halverson C,
Lanzone M J, Miller T A, Winkler D W and Bewley G P 2021
Proc. Natl Acad. Sci. 118 e2102588118

[18] Reynolds K V, Thomas A L and Taylor G K 2014 J. R. Soc.
Interface 11 20140645

[19] Harvey C, Baliga V, Lavoie P and Altshuler D 2019 J. R. Soc.
Interface 16 20180641

[20] Badger M A, Wang H and Dudley R 2019 J. Exp. Biol.
222 jeb176263

[21] Cheney J A, Stevenson J P, Durston N E, Song J,
Usherwood J R, Bomphrey R J and Windsor S P 2020 Proc.
R. Soc. B 287 20201748

[22] Hedrick T L 2008 Bioinspir. Biomim. 3 034001
[23] Swiney P A, Wietstruk M, Gosdin L, Bellah J and Raghav V

2020 Preliminary investigation of the aerodynamic response
of a red-tailed hawk to a vertical gust AIAA Scitech 2020
Forum p 2001

[24] Quinn D B, Watts A, Nagle T and Lentink D 2017 R. Soc.
Open Sci. 4 160960

[25] Theriault D H, Fuller N W, Jackson B E, Bluhm E,
Evangelista D, Wu Z, Betke M and Hedrick T L 2014 J. Exp.
Biol. 217 1843–8

[26] Küssner H G 1935 Untersuchung der Bewegung Einer Platte
Beim Eintritt in Eine Strahlgrenze (Zentrale für techn.-wiss.
Berichtswesen)

[27] Andreu-Angulo I and Babinsky H 2022 AIAA J. 60 5273–85
[28] Andreu-Angulo I, Babinsky H, Biler H, Sedky G and

Jones A R 2020 AIAA J. 58 5123–33
[29] Gardiner J D, Dimitriadis G, Codd J R and Nudds R L 2011

PLoS One 6 e18214
[30] Lee J s, Kim J k, Han J h and Ellington C P 2012 J. Bionic Eng.

9 18–28
[31] Rivera Parga J R 2004 Wind tunnel investigation of the static

stability and control effectiveness of a rotary tail in a portable
uav Technical Report (Air Force Institute of Technology,
Wright-Patterson AFB Ohio School of Engineering and
Management)

[32] McCroskey W J 1981 The phenomenon of dynamic stall
Technical Report (National Aeronautics and Space
Administration)

13

https://orcid.org/0000-0002-4567-8865
https://orcid.org/0000-0002-4567-8865
https://orcid.org/0000-0002-4567-8865
https://orcid.org/0000-0002-6573-9602
https://orcid.org/0000-0002-6573-9602
https://orcid.org/0000-0002-6573-9602
https://orcid.org/0000-0001-8667-4409
https://orcid.org/0000-0001-8667-4409
https://orcid.org/0000-0001-8667-4409
https://doi.org/10.4236/wjet.2015.33C047
https://doi.org/10.4236/wjet.2015.33C047
https://doi.org/10.1088/1755-1315/169/1/012003
https://doi.org/10.1088/1755-1315/169/1/012003
https://doi.org/10.1103/PhysRevFluids.5.110513
https://doi.org/10.1103/PhysRevFluids.5.110513
https://doi.org/10.2514/3.46709
https://doi.org/10.2514/3.46709
https://doi.org/10.1016/0141-0296(95)00154-9
https://doi.org/10.1016/0141-0296(95)00154-9
https://doi.org/10.1016/0360-1323(89)90016-4
https://doi.org/10.1016/0360-1323(89)90016-4
https://doi.org/10.1098/rstb.2015.0394
https://doi.org/10.1098/rstb.2015.0394
https://doi.org/10.1260/1756-8293.4.1.79
https://doi.org/10.1260/1756-8293.4.1.79
https://doi.org/10.2514/6.2004-5113
https://doi.org/10.1017/S0001924000000804
https://doi.org/10.1017/S0001924000000804
https://doi.org/10.1007/s40430-019-2044-9
https://doi.org/10.1007/s40430-019-2044-9
https://doi.org/10.1109/MRA.2016.2636368
https://doi.org/10.1109/MRA.2016.2636368
https://arxiv.org/abs/2002.02421
https://doi.org/10.1088/1748-3190/11/4/046010
https://doi.org/10.1088/1748-3190/11/4/046010
https://doi.org/10.1073/pnas.2102588118
https://doi.org/10.1073/pnas.2102588118
https://doi.org/10.1098/rsif.2014.0645
https://doi.org/10.1098/rsif.2014.0645
https://doi.org/10.1098/rsif.2018.0641
https://doi.org/10.1098/rsif.2018.0641
https://doi.org/10.1242/jeb.176263
https://doi.org/10.1242/jeb.176263
https://doi.org/10.1098/rspb.2020.1748
https://doi.org/10.1098/rspb.2020.1748
https://doi.org/10.1088/1748-3182/3/3/034001
https://doi.org/10.1088/1748-3182/3/3/034001
https://doi.org/10.2514/6.2020-2001
https://doi.org/10.1098/rsos.160960
https://doi.org/10.1098/rsos.160960
https://doi.org/10.1242/jeb.100529
https://doi.org/10.1242/jeb.100529
https://doi.org/10.2514/1.J061348
https://doi.org/10.2514/1.J061348
https://doi.org/10.2514/1.J059665
https://doi.org/10.2514/1.J059665
https://doi.org/10.1371/journal.pone.0018214
https://doi.org/10.1371/journal.pone.0018214
https://doi.org/10.1016/S1672-6529(11)60093-0
https://doi.org/10.1016/S1672-6529(11)60093-0

	Aerodynamic response of a red-tailed hawk to discrete transverse gusts
	1. Introduction
	2. Methodology
	2.1. Flight arena
	2.2. Hawk characteristics
	2.3. Flight motion tracking and post processing
	2.4. Unsteady aerodynamic loads estimation

	3. Results
	3.1. Overall flight pattern
	3.2. Geometric response
	3.2.1. Geometric angle of attack
	3.2.2. Wing elevation angle
	3.2.3. Tail response

	3.3. Unsteady aerodynamic loads on the wing
	3.4. Flight dynamics

	4. Discussion
	4.1. Wing response
	4.2. Tail response
	4.3. Additional considerations

	5. Conclusion
	References


