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a b s t r a c t

Whale flukeprints are an often observed, but poorly understood, phenomenon. Used by whale researchers

to locate whales, flukeprints refer to a strikingly smooth oval-shaped water patch which forms behind a

swimming or diving whale on the surface of the ocean and persists up to several minutes. In this paper we

provide a description of hydrodynamic theory and related experiments explaining the creation and

evolution of these ‘‘whale footprints.’’ The theory explains that the motion of the fluke provides a

mechanism for shedding of vortex rings which subsequently creates a breakwater that damps the short

wavelength capillary waves. The theory also suggests that the role of natural surfactants are of secondary

importance in the early formation of these prints.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Flukeprints are a visible pattern that appears on the surface of
the ocean when a whale is swimming at a shallow depth or
beginning a terminal dive. Whale-watchers can easily observe
these striking oval-shaped prints on the surface of the ocean. The
outer edge of the print is accentuated by small ridges, where wave-
breaking may occur. The interior of the print is smooth compared to
the surface outside the print, since very few capillary (wind-driven)
waves are visible as in Fig. 1. The print grows radially and may
remain visible for as long as several minutes, depending on ocean
and wind conditions. A popular name for this phenomenon is
‘‘whale footprint’’ since the prints can be used to track whales over
long distances as they migrate. While smaller swimming animals
such as dolphins and manatees create surface prints, whales create
the largest prints with the longest duration.

There is no extensive research on the phenomenon of whale
prints. A study conducted concurrently with this one uses aerial
photographs to determine that the water temperature in the prints is
lower than that of the surrounding water, indicating that the water
in the print has been brought from below the surface [1]. At the same
time, the glossy, slick-like appearance of the print and the fluid ridge
at its edge is reminiscent of small oil slicks. This has fueled popular
theories that surfactants (surface tension-reducing substances)
create the prints [2–4]. In the case of slicks made by surfactants,
gradients in surfactant concentration (changes in the concentration

of surfactant on the surface of a liquid) cause a surface stress. The
surface is pulled to regions of higher tension, and small disturbances
are stretched out. This ‘‘calming of the waters’’ by surfactants such as
oil or soap has been observed since ancient times [5]. In addition, the
calm water in the far wake of navy sea ships has been shown to have
lower surface tension than water outside the wake, which has been
attributed to natural ocean surfactants brought to the surface in the
wake [6–8]. Other literature attributes hydrodynamic forces, such as
vortices, as the origin of flukeprints [9,10].

Marine biologists note that there are several reasons that
surfactants might be present in flukeprints. One hypothesis con-
cerns the whale’s oily skin, which could act as a surfactant. Whales
shed their oily skin at approximately 50 times the rate of humans
[11]. The skin is usually exfoliated during social activities such as
lobtailing and breaching [12], and skin fragments can subsequently
be found near the whale’s flukeprints. Although researchers collect
skin samples from flukeprints, the material is sparse and not always
evident. Therefore, the volume of skin sloughed may be too small to
cause a significant surfactant effect. Another possibility is that
algae, remains of feeding and other particulate matter brought to
the surface may act as surfactants [13]. While any of these effects
could be present to enhance the formation or duration of the
flukeprint, we will argue below that the evidence is not compelling
as the primary origin of the prints.

To summarize, two primary mechanisms have been proposed
for the formation of flukeprints, a general ‘‘upwelling’’ of water off
the fluke and a surfactant-based explanation. In this paper we
propose that the dominant mechanism is the motion of the water
induced by the movement of the fluke. We will demonstrate that in
order to understand flukeprints, new fluid mechanics are not
required. However, several aspects of existing theory must be
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combined to provide an accurate perspective on this interesting
phenomenon. The characteristics of the flukeprints will be explained
as a result of the hydrodynamic shedding of powerful vortex rings off
the edge of the whale’s fluke during swimming/diving and the ring’s
subsequent interaction with the ocean’s surface and waves.

2. Oceanographic evidence

Our theory will be based on observations of real flukeprints
made by whales, hydrodynamic theory in the literature, and
experiments with a robotic fluke. We begin with observations of
real flukeprints by marine biologists at Cascadia Research. The
researchers film blue, humpback and gray whales above and
underwater at close range by approaching the whales in small
boats. The observations provide strong evidence that hydrody-
namics are the primary mechanism for print formation.

The first observation is that prints are created during two
different phases of swimming behavior. One occurs when whales
are swimming horizontally below the surface. Whales swimming
this way for a distance can be tracked by the prints, which occur at
fairly regular intervals with each beat of the fluke [1]. The other
time prints appear is when a whale begins a deep dive. Such
‘‘terminal dives’’ take place after the whale has surfaced for air and
(especially in the case of humpback whales) after the characteristic
sighting of the near-vertical fluke as the whale dives. These prints
tend to be larger and result from strong thrusts of the fluke at the
beginning of a dive.

The second observation is that a buoyant object (such as an
orange) thrown into a flukeprint consistently moves to the outer
edge of the print. This indicates that there is steady movement of
water from the center of the print to the edge. Since this movement
occurs at a range of times in which the print is visible and not just
during the formation of the print, the motion is unlikely to be
caused by a gradient in surfactant concentration, which would die
out as the concentration rapidly equilibrates.

The third observation is one made by divers filming whales
underwater. They observed vortices being shed from a blue whale
fluke as the whale began a terminal dive. The motion indicated
strong hydrodynamic forces originating below the surface when
the whale was fluking.

The fourth observation, captured in Fig. 1, is wave breaking at
the boundary of the smooth area which remains throughout the
visible duration of the flukeprint. This wave phenomenon is an
important consequence of the induced surface current created by
the fluke hydrodynamics and will be discussed in the next section.

A fifth observation, notable in the photograph of Fig. 1, is that
while small wavelength capillary waves (small surface ripples) are
absent in the print, long wavelength waves are still evident. This is
typical of whale flukeprints observed in the ocean. This has been
experimentally observed by Evans [14] in the context of pneumatic
breakwaters, discussed in Section 3.

In addition to the five observations made by the researchers at
Cascadia, a sixth observation is made in an article presenting work
concurrent with this research, in which flukeprints of a female
humpback are observed in infrared aerial photographs originally
intended to locate fish in Alaska [1]. The prints are visible in the
infrared images because the temperature of the water in the prints
is less than that of the ocean surface temperature outside the prints.
The researchers model the difference in temperature between the
nearby sea surface temperature and the temperature at the center
of the prints. Using a simple hydrodynamic model in which a jet of
water the width of the fluke mixes turbulently with the surface
water, the cooling of the water in the print is described using an
exponential function. The measurable difference in surface tem-
peratures inside and outside the flukeprint support the theory that
the prints are created as the motion of the flukes brings water to the
surface of the ocean, but does not address the role of vorticity or
surfactants in the formation of the prints. The cooling is attributed
to turbulent mixing, and the simple model primarily exhibits
exponential cooling over time. Our theory will be consistent with
this observation of temperature difference between interior and
exterior surface water, but will also address the formation and
characteristic look of the prints.

The six observations regarding whales in natural habitats
confirm that fluke motion brings water to the surface and induces
an outward surface current. The remainder of this paper will be
dedicated to explaining the non-linear hydrodynamics of print
formation based on our theory that prints are formed by vortex ring
shedding and subsequent interaction of the ring with the free
surface. In other words, we will explain the phenomenon of whale
footprints as a process, starting at the fluke and ending with a
smooth surface. This process occurs in roughly three stages:
swimming and vortex shedding, ring and surface interactions,
and finally, ring-induced surface current and dampening of short
waves. We will develop a coherent theory which draws upon many
aspects of mathematical biology and engineering literature, includ-
ing numerical simulations, mathematical models, and laboratory
experiments.

3. Damped and lengthened gravity waves

As mentioned above, the most striking feature of the flukeprint
is the smooth patch on the surface of the ocean, where the short
capillary waves have been damped out. This localized dampening
of shorter wavelengths is explained by the hydrodynamic theory of
pneumatic breakwaters. A pneumatic breakwater is a jet of fluid
directed at the surface, created from below by air bubbles. The
bubbles entrain fluid that move to the surface and then outward.
The strong horizontal (or radial) outward surface current disrupts
oncoming waves, motivating the name breakwater. Early theory
and experiments describing the effect of a pneumatic breakwater
can be found in two papers from the 1955 Proceedings of the Royal
Society A. In these companion papers, Taylor and Evans [14,15]
discuss an experiment in which bubbles released from the bottom

Fig. 1. Typical flukeprint from humpback whale (Megaptera novaeangliae). Inside

the print, the surface is smooth due to a lack of short capillary waves. Long

wavelengths persist. At the boundary, wave-breaking has occurred. (Photo courtesy

of Kuanyin Moi.)
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of a tank create an upwelling of current which disrupts surface
waves.

In these experiments, surface waves were generated to mimic
wind-driven capillary waves that might be found in a ship harbor.
The rising jet of fluid brought to the surface by the bubbles creates a
surface current which is proposed as a mechanism to disrupt
oncoming ocean waves. We now briefly review this theory. One of
the main questions that Taylor [15] attempted to answer is: How
fast must a current of a given depth, h, flow in order that it may
disrupt all waves of length l0 or shorter?

First let us define a wave of length l¼ 2p=k to have frequency
s=2p and let U be the uniform velocity of the current over a finite
depth h. Enforcing continuity of the fluid and balancing the
pressure Taylor derives the following dispersion equation:

ð1�YÞ2ð1�aYÞ

ð1�YÞ4�aY
¼�tanh

ZY

a

� �
, ð1Þ

where Y, Z, and a are the non-dimensional variables defined as

Y ¼
kU

s
, a¼ g

Us
, Z ¼

hg

U2
, ð2Þ

and g is the gravitational constant.
In the wave stopping regime, in which current is directed

against oncoming waves, Uo0 and hence the sign of a and Y are
both negative. Remarkably, from Eq. (1), for a fixed Z, Y may take on
any value in ð�1,0Þ but �a always has a minimum value �am

which falls in the range of (0,4). In the context of flukeprints, we
assume the water is deep. Thus a wave with frequency s=2p has
wavelength l¼ 2pg=s2 and by the definition of a, Taylor concludes
that all waves of length less than

l0 ¼
2pðUamÞ

2

g

cannot propagate against a current of velocity U with depth h. For
example, to stop a wave with a wavelength of 100 ft (a very long
wave) Taylor calculates that one would need an opposing velocity
of 45 ft/s with a depth of 0.34 ft or 15 ft/s at a depth of 1.6 ft, both of
which represent a tremendous amount of power. On the other
hand, if one wants to stop all waves of 2 ft or less (still much longer
than a wind-driven capillary wave) one only needs to generate a
uniform current of U¼�1 ft/s at depth of 0.1 ft, which is well
within the ability of a humpback whale at cruising speeds [1]. It is
also clear from the dispersion relation (1) that while waves can be
disrupted by a horizontal current initiated by a vertical jet of fluid,
for reasonable current velocities only the shorter wavelengths are
easily eradicated.

Unfortunately, since only long wavelengths were of concern in
the ship harbors, the mechanism was not deemed viable for the
protection of ships. Nevertheless, Taylor’s theory, confirmed by
Evan’s experiments provide us with an explanation of why long
wavelength patterns are visible in flukeprints, while smaller
wavelengths are disrupted. The fluid sent to the ocean surface
by the fluke, once at the surface, travels radially outward from the
center of the print, creating an effect analogous to the currents
Taylor and Evans produced with a jet of fluid or with a stream of
bubbles. The outward current then disrupts the shorter wavelength
wind-driven capillary waves, leaving a visibly smooth region
containing only long wavelength oscillations such as those in the
photograph of Fig. 1.

The key feature to this wave stopping phenomena is the wave
interaction with an opposing current. Taylor provides a simple
theory as to why there are no short wavelengths on the interior of a
flukeprint but one feature that is not directly explained is the wave-
breaking that is observed on the outer part of the ring. Wave
breaking normally occurs when a wave is amplified to unstable
heights and eventually crests and breaks. To explain this feature

one needs to consider the theory of wave amplification by Longuet-
Higgins and Stewart [16]. In [16] the authors use a careful energy
argument to show that for a wave with a fixed length l, the
amplitude of this wave is given by

ap½cðcþ2UÞ��1=2,

where c¼
ffiffiffiffiffiffiffiffi
g=k

p
is the group velocity of the wave. Thus as U-�1

2c

the amplitude,a-1. Of course, in reality the wave will break much
earlier than this, but the theory provides the mechanism as to why
there is a region of wave-breaking.

Brevik [17] combines the work of Taylor and Evans, as well as the
theory of Longuet-Higgins and Stewart, to classify the phenomena of
wave interaction with opposing currents into three distinct regions.
Region I is characterized by wave amplification in which ‘‘oncoming
waves meet the current and become shortened as the current
becomes stronger.’’ In addition, ‘‘yshort waves increase in ampli-
tude more rapidly than long waves.’’ Region II is marked by wave-
breaking which is wavelength dependent (shorter waves break more
easily). Region III is marked by the maximum velocity of the current
where rapid wave dampening occurs. A schematic of the three
regions can be seen in Fig. 2. He then compares this deep water theory
to large scale pneumatic breakwater experiments conducted at a
finite depth, D. Brevik notes that the theory shows reasonable
agreement when l is approximately the same order as D. It is also
observed that ‘‘yfor the shortest wavelengths it is easier to damp the
waves than the foregoing theory predictsy’’ which he attributes to
turbulent dissipation absorbing a larger fraction of the wave energy.

The three regions are a convenient classification, motivated by
experimental observation, and depend on the assumption that the
induced wave current is gradual. In our case, the fluid jet created by
a whale is powerful and the induced surface current is not gradual.
In this case, Brevik predicts a shrinking of Region I or in some cases a
collapsing of Regions I and II into a single zone where rapid
amplification and breaking occurs for short wavelengths and then,
behind that, a calm Region III where short waves have been damped
out. This theory explains the observed wave breaking at the edge
of the fluke print as seen in Fig. 1. Finally, Region III is the damped or
partially damped region seen as the smooth part inside the
flukeprint. From Taylor’s wave stopping theory we know that
inside Region III the short waves are damped out first. From
observation the long wavelengths that persist inside whale
flukeprints are on order of the radius of the flukeprint. Returning
to Taylor’s calculations outlined above, an induced current of 1 ft/s
at a depth of 0.1 ft is all that is needed to stop waves of length 2 ft.

To summarize, pneumatic breakwater experiments and theory
are consistent with oceanographic observations of flukeprints,
provided that fluke motion can create a pneumatic jet effect on
the surface. In the next few sections, we will explain how
flukeprints seen on the ocean surface are a direct consequence of
a vortex ring shed from the fluke. Vorticity is created during the
downstroke on the underside of the fluke and then shed on the
upstroke toward the surface. As it drifts toward the surface, this
vortex ring creates a powerful jet of fluid that is circulated from

Fig. 2. A schematic drawing of the three regions corresponding to those described

by Brevik in [17] and applied to a wave packet interacting with an opposing, radially

outward current. Region I represents the region just outside of the flukeprint. Region

II is the edge of the flukeprint, where wave-breaking occurs. Region III is the smooth

interior of a flukeprint.
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below the ring, through the center and then out of the top of the
ring. In addition to the damping of short waves, this jet creates the
long-lasting and dramatic temperature gradients on the ocean
surface found in flukeprints (as shown in [1]) by bringing colder
water from below the ring to the surface efficiently and in large
quantities.

4. Swimming and vortex shedding

The fluid dynamics of swimming has been heavily studied in the
mathematics, engineering and biology literature. While the main
focus of this body of research is often the study of thrust, muscle
mechanics, and efficiency, the dynamics of the vorticity shed in the
wake of a swimmer has also been examined quite extensively, see
[18–24]. In two dimensions, fluke motion (in water) or a flapping
wing (in air) sheds a dipole pair (a two-dimensional analog of a
vortex ring) in the downstream wake of the flow. The dipole pair is
ejected at an angle related to the final angle of the up and down
stroke and the shape of the fluke/wing, see [20,23]. The idealized
non-linear dynamics of the repeated and rapid motion creates what
is known as a reverse von Karman street (a sequence of dipole pairs)
in the swimmer’s wake.

While dipoles provide some insight and qualitative under-
standing of the wake of the whale in swimming, to explain a
flukeprint we will need a three-dimensional non-linear theory and
more evidence from actual swimming bodies. In the context of
dolphins and humans, Mittal et al. [21,22] use detailed three-
dimensional simulations which demonstrate numerically the
shedding of vortex rings during swimming and the associated
fluid jet created by the rings. In these simulations, vortex rings are
shed on the up and down strokes of a dolphin’s fluke or of a human’s
legs performing a dolphin kick (swimming on one’s back under-
water with legs together and kicking). On the upstroke for both the
dolphin and human simulation, the ring travels upward and then
dissipates. In related work, Dong et al. (2006) simulate fluid
dynamics created by pectoral fins using an immersed boundary
method to provide three-dimensional simulations of the vortex
topology in the wake of a thin ellipsoidal flapping foil. Their
simulations show that the primary topology for the vorticity
consists of ‘‘two sets of interconnected vortex loops that evolve
into distinct vortex rings as they convect downstream.’’ More
recently Borazjani and Sotiropoulos [18] demonstrate numerically,
the shedding of vortex ring-like structures by simulating not just a
detached fluke but the entire carangiform shape during swimming.

Precise measurement and analysis of vortex ring shedding in the
context of fish swimming was done by Lauder and collaborators
[25–27]. Lauder et al. were able to carefully record and measure the
full three-dimensional velocity fields using digital particle image
velocimetry (DPIV) in the wake of sunfish and sun perch and clearly
demonstrate the three-dimensional vortex ring shedding off the
back of the pectoral fin. Moreover, a relationship of body angle to
vortex ring ejection angle was demonstrated showing a three-
dimensional analog of the reverse von Karman street associated
with improved thrust and more efficient swimming locomotion.

Since it is clear that vortex ring structures are indeed produced
during swimming, it is important to understand how these rings
interact with the ocean surface. In the next section we discuss ring-
surface collisions and show how the angle of approach to the free
surface affects the formation of the flukeprint.

5. Vortex ring collisions with a free surface

To better understand how flukeprints are formed during
cruising and diving, we must understand the highly non-linear

interaction between a vortex ring and a free surface. Theoretical,
numerical, and experimental methods have been used extensively
to study vortex ring collisions with a free surface. The literature
categorizes collision into two regimes: head-on collisions, see
[28–31], and oblique collisions [32–34]. In this body of work, the
researchers generate well-controlled vortex rings using a pulse of
fluid from a nozzle or, in the case of the numerical methods, assume
an idealized torus shape rather than directly generating a vortex
ring using a fluke. While vortex rings shed from whale flukes are
imperfect and generally more turbulent, these idealized and
repeatable experiments (or simulations) provide an excellent
quantitative and qualitative description of surface interactions.

We note here that the associated Reynolds number (Re) for
swimming whales, computed with the swim speed and the fluke
length, falls into the range of Re 104

�106. Most of the experimental
and numerical literature cited above fall in the range of Re
101
�104. Practically speaking, as the Reynolds number increases

so does the complexity and turbulent behavior of the fluid which
can create computational difficulties. Fortunately, even though the
Reynolds numbers found in the literature are smaller than those
realistic for whales, the observed collision dynamics in flukeprints
share common features characteristic of head-on and oblique
collisions. We begin by describing the main features of the
dynamics of head-on collisions.

For our theory of flukeprint formation, the most important
feature of head-on collision dynamics is that a jet of fluid hits the
surface and immediately creates a strong radially symmetric
outward current on the part of the surface directly above the ring.
Outside this area, the induced radial velocity drops off rapidly as
the radial surface current is circulated underneath the surface. This
strong radial surface velocity will persist while the core of the ring
approaches the surface, deforms and moves radially outward itself.
Depending on the Reynolds number and other factors, eventually
the originally coherent ring will begin to break up and slow its
outward movement. During this break up, secondary and surface
normal vorticity will develop and attach to the surface. A schematic
illustrating the early dynamics of a head-on collision can be found
in Fig. 3.

In the case of oblique collision, the non-linear dynamics are
significantly more complex than the head-on case. Oblique colli-
sions are highly three-dimensional, sensitive to the angle of

Fig. 3. Head-on collision (top): A two-dimensional schematic diagram of the early

ejection of a head-on vortex ring (top left) followed by a schematic of the surface

interaction (top right). The fluke is up and angled at about 601 from horizontal.

Notice the symmetry of the collision allows for balanced radial outward movement

of the ring during surface interaction. Oblique collision (bottom): A two-dimen-

sional schematic diagram of the early ejection of an oblique ring (bottom left)

followed by a schematic of the surface interaction (bottom right). The fluke is up and

angled at about 12.51 from horizontal. Notice the leading edge of the vortex ring

drifts only slightly to the left while the trailing edge spreads rapidly to the right.
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collision, and thus cause the onset of three-dimensional insta-
bilities to appear earlier in the dynamics. The early fluid motion
before impact with the surface is very similar to that of a head-on
collision. As described by Ohring and Lugt [32], ‘‘The fluid motion
through the hole of the vortex torus resembles a round jet with
a central axis, which is directed against the free surface with a
stagnation pointy.’’ An excellent numerically simulated example
of the localized, radially outward surface current can be seen in
Fig. 5 of [32]. Next, when the leading (upper) edge of the ring
becomes too close to the surface, the dynamics rapidly depart from
the head-on collision case. Instead of the ring spreading symme-
trically outward, a striking heart-shaped surface signature is
created. This shape is captured in shadowgraph experiments in
the work of both Gharib and Weigand [33], and Song et al. [34], see
Fig. 4. Note that the early-time development of the heart shape
occurs as the vortex ring interacts with the surface in both the
uncontaminated (surfactant free) and contaminated (surfactant
present) cases.

The phenomenon is caused by the leading edge of the ring
colliding and attaching to the surface while the trailing edge
continues to propagate. Soon after the leading edge attachment,
three-dimensional instabilities begin to dominate the dynamics,
the heart-shaped ring begins to break up, and surface normal
vorticity develops. While the induced surface velocity field in the
early dynamics creates the necessary strong radially outward
current due to the vortex ring, the actual ‘‘footprint’’ of this current
will generally be smaller due to the earlier break up of the
vortex ring.

To summarize, the main early feature of both the head-on and
oblique surface collisions is the creation of a strong radially
outward pointing surface current induced by the vortex ring jet.
In the head-on collision case the induced surface current remains
roughly radially symmetric and the print grows in time. Three-
dimensional instabilities and surface vorticity develop which can
be seen as small surface eddies. In the oblique case, the jet induces a
radially outward current followed soon afterward by the char-
acteristic heart-shaped surface signature. Soon after the appear-
ance of this signature, fully three-dimensional instabilities cause
more significant surface normal vorticity to develop which would
also be observable as surface eddies. In the next section we show in
laboratory experiments that in both regimes, a fluke can create

many of the same early subsurface and surface fluid dynamics as
the idealized vortex rings described here.

6. On the role of naturally occurring ocean surfactants in the
formation of flukeprints

Thus far, we have explained all of the primary characteristics of
flukeprints. Damped interior short wavelengths, persisting interior
long wavelengths, and edge wave-breaking can all be explained
through the interactions of a vortex ring with the ocean surface. In
this section, we will describe why surfactants might play a
secondary role, enhancing the visibility and duration of the prints.

Damping of short waves in the wake of a sea body has been well
studied in the context of ships [6–8]. Two smooth bands of water
are commonly observed near each edge of the wake where short
surface waves (r20 cm wavelength) are significantly damped.
This phenomenon can extend for many miles behind the ship. It has
been shown by Milgram et al. [7] and Peltzer et al. [6] that these
bands contain high concentrations of surfactants. The surfactants
were observed using a spreading oil technique to make careful
measurements in ship wakes. The spreading oil method indicated a
surface tension drop of over 15% in the outer bands of the wake,
compared to the surface tension outside of the wake. The pre-
cipitous drop is associated with the presence of surfactants which
would lower the surface tension in these bands. Using radar
images, they were also able to successfully correlate this region
of high surfactant concentration to a significant lowering of the
energy of short waves (r20 cm wavelength), i.e. a dampening of
short waves.

It is argued that the mechanism which concentrates these
‘‘natural’’ ocean surfactants has roughly four stages. The first is
the creation of white water and bubbles generated by breaking
bow, stern, and shoulder waves and the propeller wake flow. The
bubbles are efficient natural surfactant harvesters since surfactants
are attracted to the air–liquid interface of the bubbles. The bubbles
rise to the surface, pop and deposit surfactant at the air–water
interface. The surfactants are driven horizontally outward to the
edge of the wake by currents generated when a vortex pair is shed
off the back of the ship.

Independent of the presence of surfactant, it is worth noting that
the surface velocities generated from the vortex pair shed in the
wake of a ship and their effect on surface waves have been studied
numerically. Using perturbation methods, [35] and direct numer-
ical simulation [36], numerical studies aim to explain the wave
behavior in the wake of ships. It should also be noted that a vortex
pair generates an upward jet of fluid very similar to both a
pneumatic breakwater and a vortex ring. The authors of [35,36]
do not draw upon the breakwater and wave/current interaction
theory we describe in Section 3, yet their simulations exhibit
behavior consistent with this theory. Specifically, the simulations
show that the surface current that results from a trailing vortex pair
near the surface of the ocean will shift energy from waves moving
across the wake from higher to lower frequencies, causing a
dampening of the short waves. This happens in the region directly
above the vortex pair which has the effect of allowing only long
wavelengths to persist in this region while not allowing shorter
wavelengths. Using real ship wake measurements, the authors in
[35] show that the simulations of damped short waves are
consistent with the unique radar signatures in the wake of ships.
These simulations, performed to understand the short wave
dampening of radar signatures behind boats, give a complementary
explanation of wake behavior in addition to the surfactant
measurements.

In the case of whale flukeprints, it becomes less clear whether
natural ocean surfactants play a significant role. Flukeprints are

Fig. 4. Shadowgraph of vortex–surface interaction for oblique collision of vortex

ring with flow from left to right at angle of 71 from horizontal for (top) unconta-

minated and (bottom) contaminated surface. (Images reprinted from Figs. 3a and b,

pp. 64–65 of [33] with permission from J. Fluid Mech.) Heart-shaped surface pattern

occurs at early times with or without the presence of surfactants (contaminants).
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often observed in the wake of whales that have not broken the surface
of the water while swimming. Without breaking the surface there
may be no significant source of bubbles to initiate the harvesting of
natural ocean surfactants. Testing elevated surfactant levels inside a
flukeprint is a much more significant challenge than measuring in
a ship wake because of possible danger to the whales and the fact
that flukeprints only last several minutes (as opposed to hundreds of
minutes in the case of a ship wake). We cannot entirely rule out the
role surfactants may play but it is the opinion of the authors that, at
best, surfactants may play a complementary role in the damping of
waves inside the print, accentuation of the ridge at the edge of the
print, and extension of the duration of a flukeprint after the initial
breakwater effect has begun to diminish.

7. Experimental observations

To visualize the formation of vortex rings observed in numerical
simulations, we conducted experiments using a thin robotic fluke.
The purpose of this set of experiments was to collect qualitative
rather than quantitative data. The first goal was to observe in detail
the formation and the shedding of vortex rings using an artificial
fluke. The second goal was to observe the surface prints created by
vortex rings and the variation in surface pattern due to the angle of
incidence of the ring with the surface.

We compared two motions designed to approximate that of
whales: a stroke initiating at 601 from horizontal (motivated by a
typical dive angle for blue whales) and a stroke oscillating from
712:53 (motivated by the motion of whales swimming horizon-
tally beneath the surface). While the motion of the robotic fluke in
our experiments is only a rough approximation of whale motion,
our observations are consistent with the theory and previous
experiments described in Sections 4 and 5.

The experiments were conducted in collaboration with Flo-
Metrics in San Diego in a tank of water approximately 122 cm long
by 61 cm wide by 49 cm tall. A fluke made of slightly flexible
polycarbonate of uniform (0.16 cm) thickness was patterned from
the photograph of the blue whale fluke in the insert of Fig. 5, and
scaled to be 0.2 m tip to tip. In comparison, blue whale flukes are
5–6 m tip to tip.

The fluke pivoted on an axis supported by an apparatus that
could be adjusted to prescribe the depth of the fluke, the inclination
angle and the range of motion. For each trial in the experiment, the
fluke made one oscillation from the prescribed top position (with
the fluke nearest the surface), down and up again. For one motion
the top position with the fluke nearest the surface began at 601 from
horizontal, then swept 251 down and then returned up. For the
other motion the fluke began at 12.51 from horizontal, then swept

251 down and up. Both oscillations were maintained at 0.32 Hz with
gearing attached to a motor. There was no forward motion of the
apparatus. For comparison blue whale fluke oscillations occur at
about 0.5–1.0 Hz with forward velocity 1–1.5 m/s.

To visualize the flow, we used a laser sheet generated by a
1 Watt green laser positioned to shine through a 3 mm diameter
stirring rod. Plastic tubing attached along the length of the fluke (as
if along the length of the tail), was connected to a syringe that was
used to inject small fluorescing flakes as the fluke was oscillating.
The small fluorescing particles were slightly negatively buoyant
and would settle to the bottom of the tank in about 20 min. Using
the two-dimensional laser sheet, we observed the generation of
two three-dimensional vortex rings: one ring was shed on the
downstroke and the other was shed on the upstroke. We viewed the
rings from several positions one each side of the tank (using vertical
sheets) and from the top (using horizontal sheets). In addition, to
visualize the surface flow, we added 0.48 cm diameter buoyant
polystyrene beads to the surface and observed their advection as
the vortex ring interacted with the surface. An HD camera,
recording 30 frames per second was positioned to record the
experiments. The setup in the lab and a close-up of the fluke can be
seen in Fig. 5.

Figs. 7–12 contain time series of typical experimental runs
viewed from the top and from the long side of the tank for the two
different initial angles. (We also made observations for runs
beginning at 751, but the results did not differ qualitatively from
those beginning at 601.) For each of the initial configurations, we
conducted at least five runs. The objective of these experiments
was to make qualitative observations of the dynamics of the vortex
ring/surface interactions rather than quantitative measurements of
flow speeds or ring evolution.

The first three sets of images are from experiments with a start
position of 601 in which the fluke sweeps down and up 251. The side
views in Fig. 7 show the formation of two vortex rings, one of which
moves upwards, contacts the surface head-on and spreads out
horizontally, in qualitative agreement with numerical and experi-
mental observations from the idealized vortex ring literature, as
described above. The small particles are ejected through the small
tube that runs along the length of the fluke, beginning in Fig. 7a at
the beginning of downward sweep. The first vortex ring is forming
in Fig. 7b and is released in Fig. 7c toward the side of the tank as the
fluke motion reverses. The upward-moving vortex ring is forming
in Fig. 7d and has made contact with the surface in Fig. 7e in which
the symmetry of the left and right spreading leads to the roughly
circular shape in the top views.

The top views of Figs. 8 and 9 emphasize the circular shape of the
leading edge of the surface flow. The motion of the large particles in
Fig. 8b–d shows the outward flow at the center is more rapid,

Fig. 5. Experimental setup in lab (left) for vertical laser sheet. Camera is positioned for side view. Polycarbonate fluke (right) and tubing for ejection of small particles. Quarter-

size coin included for scale. Insert on right is the original photograph of the blue whale (Balaenoptera musculus) fluke used to pattern the experimental fluke. (Photo courtesy of

Students on Ice.)
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causing the inner particles to catch up with those further from the
center and eventually forms a ring in Fig. 8e. As expected from the
theory, Fig. 8f shows the instabilities at the edge of the ring have
begun to form and surface normal vorticity has caused the particles
to begin to eddy around each other. In the sequence of Fig. 9 the
small particles emphasize the circular shape of the surface pattern
and the instabilities forming in Fig. 9d and e.

In contrast, the experiments in which the fluke oscillates from
12.51 leads to a different surface flow pattern. In the side view of
Fig. 10, the vortex ring moving upwards approaches the surface at

an oblique angle. As a consequence, the two sides of the ring make
contact with the surface at different times, resulting in different
dynamics on each side of the ring. On the side closest to the fluke,
vortex stalls (whether or not the fluke remains near the surface).
The other side of the ring travels outwards, but is retarded at the
place opposite the stalled vortex. Some of the particles in this
retarded part of the ring can be seen in the right vortex in Fig. 10e,
which is a slice slightly off-center toward the camera.

In the top view of Fig. 11, the retarding of the opposite side
creates a striking heart-shaped surface profile. The same heart
shape can be seen in the experiment of Fig. 12, although it is more
subtle due to the smaller concentration of particles in the plane of
the laser sheet below the surface. Note that in the early view of
Fig. 12b, the concentration of particles from the trailing side of the
ring that are rising to the surface has not yet been pulled inward.
In Fig. 12c, the particles have deformed and in Fig. 12d and e the
characteristic shape has developed. This heart-shaped profile for
oblique collisions of vortex rings with surfaces is the same
phenomenon described above from the experimental work of
Gharib and Weigand [33], in which they show the same pattern
using a shadowgraph as in Fig. 4.

The Reynolds number can provide a measure of the difference in
scale between our experiment and the motion of a whale fluke. To
calculate the Reynolds number, we use the vertical tip velocity of
the fluke, calculated from the vertical distance travelled in one
cycle, the kinematic viscosity of fresh or seawater at 20 1C, and the
measurement across the fluke tip to tip. Since our experimental
fluke oscillates in a slight arc but has no significant forward
component, we calculate the vertical distance travelled in one
cycle. For the whale experiments, we used data collected by
Calambokidis Research from tags with suction cups that track
the fluke motion of whales. The swimming strokes are obtained
from a high pass filter from an accelerometer attached to the whale.
In theory, zero will represent the mid-line of the whale, since the
tag is general parallel to the direction of travel of the whale. The
data plotted in Fig. 6, contain typical patterns for a humpback
whale (above) and a blue whale (below). For more information
about the tagging procedures and related data, please see [37–39].

The table below contains the calculation for the Reynolds
number, based on typical lengths of the caudal peduncle (tail)
estimated as one-quarter of the body length, and an oscillation
sweeping 301. For kinematic viscosity we used the values of

Fig. 6. Data from tags with suction cups deployed onto whales by Cascadia

Research to capture fluke motion. Plots from a humpback whale (top) and a blue

whale (bottom) contain typical fluking sequences. This data provided the period of

the fluking oscillation but not the velocity.

Fig. 7. Vertical laser sheet providing side view of experiment with small particles. Start angle of 601 from horizontal. Sweep down and up of 251. (a) shows the initial ejection of

small particles and beginning of downward sweep. (b) shows vortex ring forming and in (c) released toward side of tank as motion of fluke reverses. (d) shows the formation of

upward-moving ring. (e) shows the symmetry of the left and right spreading rate leading to the roughly circular shape in the top views. (f) shows the breakup of the ring.

(a) t¼0 s; (b) t¼1.43 s; (c) t¼2.03 s; (d) t¼2.70 s; (e) t¼3.27 s and (f) t¼4.00 s.
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freshwater for the experiment and seawater for the whales, both at
20 1C. The Reynolds number for the humpback whale, 15 m in body
length and fluke 4 m wide, is estimated at 2.178�106 and for the
blue whale, 22 m in body length and fluke 6 m wide, is estimated at
4.792�106. These Reynolds numbers are within typical ranges for
these species. Note that in many papers on Cetaceans, the
characteristic velocity in the Reynolds number is the forward
velocity. This would be inappropriate for comparison to our

experiments since the pivot point for our fluke oscillations was
stationary. We realized that given these calculations, we would not
be able to scale our motion in our lab to match that of the whales,
since with our size fluke (patterned from a blue whale), we would
have to achieve a vertical velocity of 240.5 m/s. Instead, we focused
not on this metric (or on Strouhal number which requires a forward
velocity), but on achieving a Reynolds number consistent with
vortex ring formation. The experimental Reynolds number is

Fig. 8. Horizontal laser sheet providing top view of experiment with small particles. Start angle of 601 from horizontal. Sweep down and up of 251. (a) is the initial position of

the particles before the vortex ring has affected surface. (b–d) show rapid outward motion of particles. Surface velocity is greatest near the center of the ring, so inner particles

‘‘catch up’’ with outer particles. (e) shows final ring formation and (e) shows breakup of the ring. (a) t¼0 s; (b) t¼0.33 s; (c) t¼0.63 s; (d) t¼0.87 s; (e) t¼1.60 s and

(f) t¼2.70 s.

Fig. 9. Horizontal laser sheet providing top view of experiment with small particles. Start angle of 601 from horizontal. Sweep down and up of 251. (a) and (b) show formation

of vortex ring and initial ascent to surface. (c) and (d) show outward motion of particles and secondary vortices forming at outer edges. (e) shows breakup of the ring. (a) t¼0 s;

(b) t¼0.23 s; (c) t¼0.43 s; (d) t¼0.70 s and (e) t¼1.03 s.
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calculated to be 1.67�103, which is large enough to be consistent
with vortex ring formation (above 1000), and also on the same
order as many of the numerical simulations referenced in Section 5.

Experiment Humpback
whale

Blue whale

Vert. vel. U

(m/s)
0.084 0.5546 0.8134

Fluke length L

(m)
0.02 4.0 6.0

Kin. visc. n
(m2/s)

1.0040�10�6 1.0185�10�6 1.0185�10�6

Re¼UL=n 1.67�103 2.178�106 4.792�106

8. Conclusion

In this paper we have investigated the origin of whale flukeprints
by integrating results from several areas of fluid dynamics: vortex
shedding from flapping foils, interaction of vortex rings with surfaces,
disruption of surface waves by oncoming currents, and persistence of
ship wakes due to harvesting of natural ocean surfactants. Theory,
observation and experimental evidence suggest that vortex rings are
the primary hydrodynamic mechanism in the formation of fluke-
prints. The motion of the whale’s fluke sheds vortex ring structures
that create a powerful jet of fluid circulated up through the center of
the ring. When fluid from the jet contacts the surface, an outward
radial surface current induces a breakwater. This in turn damps the
wind-driven capillary waves in the center of the print and causes the
wave-breaking observed at its edge.

Fig. 10. Vertical laser sheet providing side view of experiment with small particles. Start angle of 121 from horizontal. Sweep down and up of 251. (a) shows initial ejection of

small particles. (b–c) show formation of downward moving ring created by downstroke and shed when the stroke reverses direction. (d–e) show clear retarding of vortex

above fluke and outward motion of fluid at the other side of the ring. This retarding also occurred in experiments, where the fluke was not left at the surface. The stationary

vortex retards surface velocity of fluid moving away, forming heart-shaped pattern in the top views of Figs. 12 and 11. (a) t¼0 s; (b) t¼1.10 s; (c) t¼1.87 s; (d) t¼3.60 s and

(e) t¼4.83 s.

Fig. 11. Horizontal laser sheet providing top view of experiment with large particles. Start angle of 121 from horizontal. Sweep down and up of 251. (a–e) show the surface

directly above the fluke is relatively stationary as the vortex below stagnates. This rotation retards the motion on the opposite side of the ring, causing the heart-shaped surface

pattern that is characteristic of oblique vortex ring-surface collisions. (a) t¼0 s; (b) t¼0.73 s (c) t¼1.43 s; (d) t¼2.97 s and (e) t¼3.43 s.

R. Levy et al. / International Journal of Non-Linear Mechanics 46 (2011) 616–626624



Author's personal copy

We have theorized that while the primary origin of flukeprints is
hydrodynamic, surfactants may play a secondary role. Despite the
tendency for whales to shed in abundance, skin cells are often not
observed in sufficient quantities to produce such a dramatic
dampening of the short waves. In addition, the fact that whale
motion does not necessarily create a large amount of white water or
air bubbles compared to ship motion means the harvesting of ocean
surfactants to the surface may be modest. Nonetheless, naturally
occurring ocean surfactants may enhance the short wave damping
as surfactants are brought up to the surface by the fluid jet.

We hope that this investigation sparks further research, to
answer open questions about the formation, shape and duration of
flukeprints. In the laboratory setting, there is much need for further
investigation of the role of surfactants, forward velocity (using a
flow tank or moving fluke), and wind generated capillary waves
(perhaps created in a tank by blowing air across the surface). We
hope the results of such experiments can be compared to the
theoretical calculations described above. From the field, it would be
valuable to have video footage of the creation of real prints from
above and below the surface with an accurate time and lengthscale
related to tag data recording the motion of the whale. Finally,
surface tension measurements both inside and outside of a print
could help provide data for comparison to results from ship wakes.
Further collaboration between mathematicians, experimentalists
and biologists can help answer these fundamental questions.
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