
10th International Symposium on Turbulence and Shear Flow Phenomena (TSFP10), Chicago, USA, July, 2017

Examination of changes to the spatial structure of turbulent boundary layers
due to surface-wave forcing using POD

Owen Williams∗ and Maius Wong

Department of Aeronautics and Astronautics
University of Washington

Seattle, WA 98195
∗Corresponding author: ojhw@aa.washington.edu

ABSTRACT
Changes to the spatial structure of turbulent boundary layers

due to the presence free-surface waves are investigated using Partial
orthogonal decomposition (POD). For the current study, the wave-
length of the surface waves is approximately three times the bound-
ary layer thickness. Large particle image velocimetry (PIV) datasets
are used to obtain a wide range of converged POD modes, both
with and without surface wave forcing, allowing the comparison of
spatial structure. A hierarchical series of inclined low- and high-
momentum structures that contribute to negative turbulent shear
stress, and are reminiscent of hairpin packets, are observed near to
the wall in the unperturbed case. These structures are observed to be
highly disrupted by the depth-varying wave perturbation, with fewer
and weaker inclined near-wall structures observed in the later case.
Perhaps most significantly, all of the remaining inclined attached
structures have streamwise lengthscales less than the wavelength of
the disturbance and have increased angle of inclination. These re-
sults suggest that surface waves significantly alter the structure of
large-scale turbulent packets with streamwise lengthscales greater
or equal to the wavelength but have less effect on smaller scale pro-
ductive motions.

INTRODUCTION
A detailed understanding of turbulence and mixing processes

is critical to our ability to predict the onset of algal blooms (both
harmful and benign) and assess human impacts on estuarine and
river ecosystems. In many cases currents create a bottom boundary
layer, which interacts with the free-surface and waves to heavily
influence sediment/nutrient transport and dispersion of pollutants.
The interaction of turbulent eddies and waves also creates an un-
steady loading on tidal and river turbines that must be correctly un-
derstood to prevent damage and maximize power extraction.

Wave-boundary layer interactions have been found to cause
significant changes to both mean and turbulent velocity profiles
(Kemp & Simons, 1982, 1983; Borue et al., 1995; Umeyama, 2005),
with regions of inverted mean velocity curvature in the outer layer
and reversed flow near the wall that suggest significant alterations to
turbulent structure, production and transport mechanisms that may
be difficult to to model using conventional assumptions. Additional
complications arise from the generation of turbulent kinetic energy
(TKE) by the free-surface, even in the absence of waves (Calmet
& Magnaudet, 2003), and the variable orientation of wave trajec-
tories and boundary layer currents. Depending on the distance of
the BL from the free surface as well as the wave conditions, the
effect of wave perturbations on submerged BLs can span the full
gamut of perturbed TBL complexity as defined by Smits & Wood
(1985), from the weakest case where the perturbation is gradual and
obeys conventional scaling laws, to very severe, for which the flow
no longer resembles a conventional turbulent boundary layer.

Previous experimental studies have examined single-point ve-
locity measurements, often employing a triple decomposition into

mean, periodic and turbulent components (Hussain & Reynolds,
1970). While this method has provided a useful statistical picture of
the influence of wave-induced motions on turbulent boundary lay-
ers, these results do not allow the identification of secondary mo-
tions or provide more mechanistic explanations for changes to the
spatial structure of the turbulence.

To examine changes in spatial structure, and to more accurately
isolate the non-turbulent contributions to velocity statistics that are
not purely sinusoidal, we employ snapshot Partial Orthogonal De-
composition (POD) (Sirovich, 1987; Holmes et al., 1998). This
method decomposes the flow into a set of linear orthogonal modes
that are weighted by their contribution to the turbulent kinetic en-
ergy. As such, each mode provides a spatial picture of turbulent
structure. The largest and most energetic modes are the fastest to
converge, with higher order modes requiring more data. Given suf-
ficient convergence, these modes appear in pairs, out of phase with
each other in the streamwise direction. Given sufficient snapshots
and streamwise field-of-view, alternating lobes of high and low mo-
mentum fluid, which are attached to the wall and inclined to the
streamwise direction have been identified in wall-bounded flows us-
ing POD (Hellström et al., 2015). Such structures are reminiscent of
the structure of hairpin packets and have been shown to contribute
to a majority of of the turbulent shear stress and hence turbulent
production. These structures have also recently been shown to be
self-similar (Hellström et al., 2016). As a result POD has emerged
as a very useful tool for the identification of the large-scale, pro-
ductive motions in wall-bounded flows and can be used to probe
the mechanistic underpinnings of the turbulent dynamics. The ap-
plication of this method to the study of unsteady perturbations such
as free-surface waves would serve two purposes, allowing the iden-
tification and characterization of traveling wave modes associated
with the forcing and simultaneously allowing for the identification
of any changes to large-scale turbulent structure.

In this study, Particle Image Velocimetry (PIV) is used to ac-
quire large velocity-field datasets within the Air-Sea interaction
flume at the University of Washington. We employ a method of
randomized-sampling snapshot POD to analyze these datasets of up
to 75000 snapshots, needed to ensure mode convergence in highly
turbulent flow. This method has the advantage of providing highly
accurate and converged approximations to the most energetic modes
efficiently, instead of calculating all modes at once. The modal
structure of the boundary layer, with and without waves is exam-
ined. It is demonstrated that the surface waves disrupt near-wall at-
tached structures. Those with streamwise lengthscales smaller than
the wavelength are weaker and have a greater inclination, whereas
those with a lengthscale equal or greater than the wavelength are no
longer observed in the presence of surface-wave disturbances.

EXPERIMENTAL SETUP
Experiments were conducted within the newly reconstructed

Air-Sea Interaction facility at the University of Washington (for-
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Figure 1: Schematic of bottom boundary layer under free-surface waves and the PIV setup.

Figure 2: Wave generating paddle that is linearly actuated in
the streamwise direction.

mally at NASA Wallops). The experimental apparatus is depicted
in Figure 1. The test section of the water channel portion of this
facility is 12.2m (40 ft) long with a width of 0.91m and a maximum
depth of 0.76m. A boundary layer was generated on a half inch
thick plexiglass plate spanning the test section and approximately
H=22.5cm below the water surface. For the purposes of the cur-
rent tests, data was acquired approximately 4m downstream of the
leading edge of the plate and 3.7m downstream of a 1.6mm cylin-
drical trip. The pump frequency was held constant resulting in a
flow velocity in the wave-free case of Uc = 0.38m/s, and a boundary
layer with a 99% thickness, δ = 13.5cm, and a Reynolds number,
Reτ = δuτ/ν = 2000 where uτ is the friction velocity and ν is the
kinematic viscosity.

Surface waves were generated using a paddle near the inlet to
the test section that was actuated in the streamwise direction in a
sinusoidal manner. The wave paddle is shown in Figure 2 and has
a triangular section pointing upstream, with a spanwise, perforated
plastic sheet attached to its downstream face. This sheet is designed
to increase the depth profile of the resulting waves so that they more
closely resemble those in shallow water and ensuring a significant
velocity perturbation across the water column. At the downstream
end of the channel, honeycomb was set on a 45 degree angle to act
as a beach to minimize wave reflections.

A schematic of the Particle Image Velocimetry (PIV) setup is
also shown in Figure 1. Streamwise/wall-normal two-component
velocity fields were acquired using a 1280×1024 pixel Microtron

EoSens camera illuminated using a New Wave Solo dual pulse
Nd:YAG laser. The approximately 2mm thick laser sheet was gen-
erated outside the tunnel, and reached the test location at the mid-
span of the test plate from below by reflecting off a 45 degree mir-
ror. The resulting field-of-view was approximately 33cm by 26cm
(2.45δ × 2δ) and therefore covered the entire water depth and al-
lowed for examination of the large-scale structure of the boundary
layer. Particle images were larger than 2 pixels.

The PIV images were analyzed using a multi-pass cross-
correlation algorithm as implemented in PIVlab 1.41 (Thielicke &
Stamhuis, 2014). Three passes were used, with initial and final win-
dow sizes of 128x128 and 32x32 pixels, respectively. Depending on
the case, the interframe time (10−15ms) was set so that maximum
particle image displacements were approximately 10 pixels. A nor-
malized median filter with a threshold value of two was used to
validate resulting velocity vectors (Westerweel & Scarano, 2005).
The resulting vector spacing for the following data was approxi-
mately 100 wall units, and so some filtering of small-scale turbulent
energy is expected. However, the aim is to investigate the large-
scale structure of the boundary layer and so this does not impact the
conclusions of this paper.

Image pairs were acquired at a rate of 4Hz while the frequency
of the surface waves was chosen to be 2Hz, causing alternating im-
age pairs to match opposite phases of the wave cycle. Only the
wave amplitude was varied between sets. Data was acquired for
three flows; the unperturbed boundary layer, the wave without mean
current, and the boundary layer and surface wave combined. Three
wave amplitudes were investigated up to a nominal amplitude of
6cm. A total of 75000 velocity fields were acquired for the wave-
free boundary layer, 60000 frames for cases with both the boundary
layer and waves and 10000 when examining the waves fields in iso-
lation.

RESULTS AND ANALYSIS
We begin by examining the velocity profiles of the wave-free

boundary layer, which was determined to have a 99% thickness,
δ = 13.5cm, and a Reynolds number, Reτ = δuτ/ν = 2000. The
boundary layer thickness is thus approximately 0.6H. The mean
velocity profile is shown in logarithmic form in Figure 3a, where
U+ =U/uτ and y+ = yuτ/ν . The friction velocity, uτ , was estimated
for the wave-free case using the Clauser chart method, that is, by
matching a portion of the transformed velocity profile to the log-law
with von Kármán constant κ = 0.4, and additive constant B = 5.1.

The wave-free profile is seen to follow the logarithmic slope for
almost a full decade before deviating below this slope in the wake
region. This is consistent with the presence of a slightly favorable
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Figure 3: (a) Mean velocity profile and (b) Reynolds shear
stress profile for the unperturbed boundary layer.

pressure gradient at the testing location, thought to be due to the
side walls of the test section. Alternately, the wake amplitude of the
mean velocity profile may be reduced due to the large freestream
turbulence level of the current facility (Coles, 1962), which was
observed to be upwards of 5%Uc.

While the streamwise and wall-normal Reynolds stresses (not
shown) reflect the increased disturbance level of the facility, the
turbulent shear stress profile, -uv, of the wave-free cases appears
largely unaffected, as shown in figure 3b. The variables u and v are
the streamwise and wall-normal velocity fluctuations, respectively
and the overbar signifies an ensemble average. The profile follows
the expected trend, peaking near the wall at a value less than one
and then reducing almost linearly toward zero at the edge of the
boundary layer. This would suggest that freestream noise in this fa-
cility is uncorrelated in the streamwise and wall-normal directions
and therefore has not significantly affected the underlying bound-
ary layer structure. The near-wall peak is lower and further from
the wall than that expected for this Reynolds number, indicating
some filtering of near-wall small-scale turbulence, as anticipated for
the measurement resolution. While a complicating factor, the high
freestream turbulence level of the current facility appears to have lit-
tle effect on the shear stress profile and so the effect on large-scale
productive motions, and therefore the conclusions of this paper, is
also thought to be minimal.

The boundary layer was examined at a nominally constant cur-
rent velocity and for three sets of surface waves of increasing am-
plitude, h. The wave amplitudes were measured to be 2, 4 and 6cm
respectively, without a mean current. A sinusoidal profile was it-
eratively matched to the wall-normal velocity signal of a moving
average of 100 frames at each wall-normal location. The median of
these fits (which insensitive to any outliers) was used to determine
the wavelength, which was approximately 45cm or 3.3δ .

The presence of the surface waves was observed to signifi-
cantly alter the curvature of the mean velocity profile in the outer
layer and toward the free surface as shown in Figure 4. The bound-
ary layer also has a “fuller” profile in the near-wall region. Over-
all, these changes to the mean velocity profile reflect a reduction
in Reynolds number and suggest significant changes to turbulent
structure due to the non-linear interaction of the boundary layer
and two-dimensional wave perturbations. These results follow the
trends observed by Kemp & Simons (1982) for following waves.
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Figure 4: Comparison of mean velocity profile with and with-
out waves. # Current only. ◁, Current and wave 1 (W1C).
◻ Current and wave 2 (W2C).☆ Current and wave 3 (W3C).
Boundary layer thickness for the wave-free case has been
used for all profiles.

While the change in mean velocity profile from the wave-free
boundary layer to the case with small-amplitude waves is signifi-
cant, further increasing wave amplitude was observed to only have
a minor effect. It was found that while a range of waves ampli-
tudes could be generated in the absence of bottom boundary layer,
the difference between each set of waves was significantly reduced
once the mean current was introduced and the surface waves de-
veloped in conjunction with the boundary layer. As a result, the
remainder of the paper will focus on a comparison between the un-
perturbed boundary layer and the case with the smallest wave am-
plitude (W1C).

As noted previously, POD has been proven useful for the iden-
tification of many coherent structures in turbulent wall-bounded
flows, especially those that are reminiscent of hairpin packets and
contribute to the majority of the turbulent shear stress and pro-
duction. We now employ POD to examine changes to the spa-
tial structure of the turbulent boundary layer resulting from surface
wave perturbations. POD decomposes the flow into a set of opti-
mal basis functions that maximize the mean square projection of
the two-point spatial correlation tensor. Modal functions are there-
fore weighted by their contribution to the Turbulent Kinetic Energy
(TKE) (Holmes et al., 1998). Many versions of POD have been pro-
posed but we choose to employ the method of snapshots of Sirovich
(1987) due to the density of spatial data. While modes resulting
from the method of snapshots must be interpreted carefully due to
the potential for mode mixing (Hellström, 2015), this method has
the advantage of reducing calculation requirements for highly re-
solved spatial data, such as that derived from PIV.

Using this method, the fluctuating velocity field can thus be
represented by the sum of the product of the spatial orthogonal
eigenmodes, φn, and their temporal coefficients, an, i.e.

u(x,t) =
N
∑
n=1

an (t)φn (x)

where n is the mode number and N is the number of snapshots.
The determination of these eigenmodes involves the solution to an
eigenvalue problem, with significantly greater quantities of data
required to converge higher order modes which represent smaller
structures. The eigenvalue problem solution also determines the full
set of N optimal modes that represent the flow, however many of the
higher order modes will necessarily represent measurement noise
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Figure 5: Modal energy content as a fraction of the sum of
the energy in the first 1000 POD modes. Red - Unperturbed
boundary layer (BL). Yellow - BL and smallest wave. Blue -
BL and medium wave. Green - BL and largest wave.

and are therefore not needed. For efficiency we employ a method of
randomized sampling Halko et al. (2009) to compute only a limited
number low-order modes of interest, using an approximation to the
full variation of the data.

The randomized Principle Component Analysis (PCA) method
available in the Python Scikit-Learn package (and equivalent to
snapshot POD) was used for to obtain an approximation to the first
1000 orthogonal modes for the flow with and without waves. As
an example of the benefits of this approach, this calculation could
be accomplished on the 75000 frame dataset in approximately 3
minutes, whereas the full solution was not possible due to memory
limitations. Comparisons were made between the randomized and
full eigenvalue solutions for subsets of the data and the resulting
modal structures could not be distinguished. The energy content of
each mode as a fraction of the cumulative energy in the first 1000
modes is shown in figure 5 for all four cases. As with the mean
velocity profiles, the modal energies for each of the perturbed cases
is very similar and so we shall focus on the case with the smallest
wave amplitudes (W1C).

The turbulent energy is distributed over a range of lengthscales
and so we choose to examine the structure of the first thirty modes
in each case. Normalized modes for the wave-free case are shown
in figure 6a, focussing on the region of the flowfield within the
turbulent boundary layer. A wide range of inclined, attached low
and high streamwise-momentum structures are observed, a subset
of which are highlighted with yellow boxes. The lengthscale of
these structures is seen to decrease with increasing wavenumber.
The largest of these modes has a streamwise lengthscale on the or-
der of field of view or 2.5δ . Upon examination of the wall-normal
modes, it is clear that these structures predominantly contribute to
a negative turbulent shear stress and thus positive turbulent produc-
tion.

For this reason, we begin by searching for similar structures
in the perturbed boundary layer, whose modes are shown in figure
6b. As noted previously, the modes for the other two wave ampli-
tudes depict very similar structures. The first three perturbed bound-
ary layer modes clearly indicate a streamwise periodicity indicative
of the surface wave motion. Inclined attached structures are still
present but they are less distinct in most cases. While the first of
these structures appears in the fourth mode, as in the unperturbed
boundary layer case, the perturbed mode has a shorter streamwise
lengthscale, less than the wavelength of the surface waves. Addi-
tionally, the angle of inclination of these structures is seen to be in-

creased in comparison with the wave-free case, likely in response to
wall-normal component of the wave-field. Further comparison be-
tween the two cases suggests that detached structures are also more
vertical in nature.

These results suggest that the largest-scale productive motions
of the turbulent boundary layer are significantly altered when of
the same size or greater than the wavelength of the surface wave
disturbance. The waves appear to have less effect on smaller-scale
structures.

CONCLUSIONS
Large PIV datasets were acquired to examine changes to the

spatial structure of turbulent boundary layers in the presence free-
surface waves. These large datasets were necessary to converge
spatial POD modes to sufficiently high order, so that a range of tur-
bulent lengthscales and productive motions could be examined. For
the current experiments the wavelength was approximately three
times the boundary layer thickness. While a hierarchical series of
inclined low- and high-momentum structures, reminiscent of hair-
pin packets, are observed near to the wall in for both wave-free and
perturbed cases, these structures are observed to be highly disrupted
by the depth-varying wave perturbation. Fewer of these structures
were observed when waves were present. Those that remained
were inclined at a greater angle and were weaker, relative to other
structures visible in the POD modes. Perhaps most significantly,
the largest such inclined structure was found to have a streamwise
lengthscale less than that of the wavelength of the disturbance, sug-
gesting that surface waves significantly disrupt the largest produc-
tive motions of sizes equal to or greater than the wavelength. Fur-
ther experiments are required to determine if this result holds for a
wider range of wavelengths or if the small-scale structures are less
influenced by the surface waves because of the innate weakening of
the wave motions near the wall.
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modes. Increasing mode number from top to bottom. Red and blue indicate positive and negative velocity fluctuations . Yellow 
boxes highlight a some of the inclined, attached near-wall regions of high and low momentum fluid that contribute to the turbulent 
shear stress.
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