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Abstract. Highly turbulent flows above variously rough surfaces were investigated by means of Time-Resolved
Particle Image Velocimetry in a wind tunnel. Proper Orthogonal Decomposition was applied to both velocity
and vorticity data in order to detect dominant features in the flow based on turbulent kinetic energy and enstro-
phy, respectively. While both the shape and location of the POD patterns exhibited similarity with other studies,
a systematic inconsistency in terms of contribution from the features to the enstrophy between the previously
published papers and our results were found.

1 Introduction

The Proper Orthogonal Decomposition (POD) is nowa-
days a routine mathematical tool for an extraction of the
dominant structures from the turbulent flow. The POD
works best in the flows where chaotic turbulence can not
be diagnosed by straight-forward methods, usually applied
to compute a conditional average, or to provide an inter-
mittency threshold test capable to detect low and high ve-
locity regions. Especially the wall-bounded flows is very
complex and typically contain vortical features of many
scales and number of non-rotational motions in a circum-
fluent flow.

In such complex flows, POD is still capable to extract
merit-based structures from the redundant noise of the tur-
bulence. The term merit-based herein means that a phys-
ical property (e.g., velocity, vorticity, concentration) in-
side the structure is correlated with itself in both time and
space. It is necessary to note that its correct physical mean-
ing has to be carefully verified by a systematic comparison
of the identified POD patterns with their counterparts in
the real flow.

One of the widely recognised transient features in the
fully turbulent flow are hairpins [1, 2]. Basically, they con-
sist of a laterally stretched head with a lateral component
of rotation, and two longitudinally prolonged legs with
longitudinal sense of rotation. Between the legs, the low-
momentum region is formed, while the high-momentum
region occurs above the head front. The ideal shape of
the hairpins may be, however, severely disturbed and bro-
ken in the highly turbulent flows. [3] reported messy de-
arranged structures reminding the "limbs" of the hairpins
over the field of cubes.

The hairpins are known to form a packet, imprinting
the tilted line-like region of high vorticity into to two-
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dimensional plane. These horizontally aligned regions
may be detectable by means of POD.

Several researches documented a strong connection
between the most dominant POD modes based on the ve-
locity data and those based on the vorticity (e.g., [5, 6]).
According to these studies, the vorticity of the first few
POD velocity modes agreed with the dominant modes of
the vorticity. Moreover, the relative contribution to the en-
strophy from the first POD vorticity mode achieves a sig-
nificantly high value (up to 36%) [5, 6]. A similar per-
centage value of the relative contribution from the first
mode can be observed with the POD applied to velocity
data within the variously turbulent flows [7, 8]. For in-
stance, the first mode in the turbulent flow generated over
a flat surface, hence according to [11] classified as slightly
rough, reaches 20% of turbulent kinetic energy (TKE),
while in the flow over a very rough surface the first mode
attains 40%.

The relative contribution of POD applied to velocity
were therefore in agreement with the published values
about POD of vorticity. In our study, the vorticity results,
however, differed in one order of magnitude from the pub-
lished ones. Hence, we revised the POD applied to vortic-
ity within the different categories of flow in this paper.

2 Experimental set-up

The experiment was performed in a pressure-driven open-
circuit wind tunnel with a test section of cross-sectional
dimensions 250 × 250 mm and a length of 3000 mm (see
Fig. 1). Foremost, flat surfaces covered by roughness el-
ements with the heights 0, 1.6, 5, 8 a 16 mm (labelled
M1-M5) were studied as they produce a surface boundary
layer flow (final models labelled SBLM1-SBLM5). Af-
terwards, the turbulence generators in the shape of spires
were added in front of the corresponding surface models
in order to generate an atmospheric boundary layer (la-
belled ABLM1-ABLM5). Finally, the spires were moved
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Fig. 1. Scheme of the wind tunnel test section with the spires installed at the beginning and with the surface covered by the roughness
elements (ABLM4D4 case). The green triangle represents the laser sheet including the investigated region (IR). Labels D1-D4 denote
the spires positions.

towards the investigated region (IR) by 500 mm in each
step, so the distance D between the spires and IR was vari-
able (labelled ABLMxD1-ABLMxD4).

The sampling frequency of the TR-PIV system was
100 Hz, the number of acquired snapshots was 4000 and
the corresponding acquisition time covered 40 s. The IR
was located at the tunnel centerline, 1824 mm downstream
from the tunnel mouth. The studied 2-D plane had dimen-
sions 90 × 140 mm, containing approximately 4000 vec-
tors, each of them represented a spatial average over the
interrogation area (32 × 32 px ≈ 3.5 × 3.5 mm). With over-
lapping of 50%, the final spatial resolution of PIV system
reached 1.75 × 1.75 mm. The main nominal velocity, Ured,
for the majority of the experiments was set to 5 ms−1 on
the mouth of the wind tunnel. We tested also higher wind
speeds, up to 13 ms−1, to check the influence of stronger
momentum on the vorticity behaviour. The longitudinal
(streamwise) direction is denoted X, the lateral one Y and
the vertical one Z, respectively.

3 Results

Statistics

The basic statistics including the mean longitudinal ve-
locity, U, standard deviation σU and σW , and mean mo-
mentum flux, u′w′ were published by [10]. The statistics
normalised by the nominal velocity, Ured, for the SBLM1-
SBLM5 cases are depicted in Fig. 2 as an example. A step
change visible in all the profiles around the normalised
height 0.2δ is a consequence of the presence of the rough-
ness elements.

Proper Orthogonal Decomposition

The POD groups motions, which exhibit signs of a cor-
relation, into corresponding merit-based ensembles, and

by this it offers an analysis of the coherent dynamics [4].
Briefly stated, POD collects the transient features together
by finding their most appropriate representation, called
basal vectors. While working with velocity, this represen-
tation expresses the highest TKE content in each vector
from a statistical point of view. If working with vorticity,
POD reveals enstrophy content in the flow. It is worthy to
emphasize that due to a PIV system limitation, TKE con-
sists of two velocity components (longitudinal and verti-
cal) and enstrophy of one vorticity component (lateral) in
this paper.

We performed POD with vorticity data and carried out
geometrical patterns of four most dominant modes. We
also evaluated the relative contributions from these partic-
ular modes with respect to the total enstrophy within the
flow. The investigated region was identical for all the sur-
face cases, with an exception brought by the necessity to
cut off an area between the roughness elements since an
enormous vorticity production takes place here. This vor-
ticity enhancement caused by a presence of the elements
can significantly influenced the POD results and blurred
the vorticity in the remaining flow.

The results for the SBL cases confirmed that the geo-
metrical pictures of the POD vorticity modes are very sim-
ilar to those published in other studies (see Fig. 3). These
geometries presumably represent a two-dimensional im-
print from a packet of multiple hairpin structures, as was
numerically modelled and experimentally documented by
[2] and [1], respectively. Further, Fig. 3 indicates that the
vertical dimension of the patterns as well as their elevation
is increasing with the roughness elements height. The tilt
angle of the high vorticity area with respect to the hori-
zontal surface is decreasing with the elements height, at-
taining 10◦ for the smooth SBLM1 case to 7◦ in the rough
SBLM5 case. This is in agreement with other published
authors [1, 5].
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Fig. 2. Mean longitudinal velocity, longitudinal and vertical standard deviation and corresponding momentum flux. Data are taken
from the SBLM1-SBLM5 (ABLM1=SBLM1), with a reference spire distance D4. Each profile is an average along the horizontal
coordinate within the investigated region.

Fig. 3. The first POD modes of vorticity for the surface boundary layer SBLM1-SBLM5 with a reference spire distance D4, from left
upper corner to right bottom corner. HS is the inner height of the test section. Flow comes from left to right.
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Fig. 4. The relative contribution of the POD modes to the total vorticity for the SBLM1-SBLM5 cases with a reference spire distance
D4. The abscissa represents the mode number. Left coordinate represents the relative contribution, right coordinate represents the
cumulative contribution.

Fig. 5. The first POD modes of vorticity for the atmospheric boundary layer ABLM1-ABLM5 with a reference spire distance D4, from
left upper corner to right bottom corner. HS is the inner height of the test section. Flow comes from left to right.
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Fig. 6. The relative contribution of the POD modes to the total vorticity for the ABLM1-ABLM5 cases with a reference spire distance
D4. The abscissa represents the mode number. Left coordinate represents the relative contribution, right coordinate represents the
cumulative contribution.

Fig. 7. The first POD modes of vorticity for the atmospheric boundary layer with variable distances of the spires ABLM4D1,
ABLM4D3 and ABLM4D4, from left to right. HS is the inner height of the test section. Flow comes from left to right.

Fig. 8. The relative contribution of the POD modes to the total vorticity for the ABLM4D1-ABLM4D4 cases. The abscissa represents
the mode number. Left coordinate represents the relative contribution, right coordinate represents the cumulative contribution.
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However, our analyses showed that the first few vor-
ticity modes occupy very little percentage of the total en-
strophy. Fig. 4 shows the relative contribution from the
first mode being only 3%, while the other surfaces ex-
hibit even less contribution, approximately 2%. Recalling
our POD applied to velocity in [9], the strongest velocity
mode captures 20% in the SBLM1 case and almost 40% in
SBLM5 case. The rate of convergence of the relative con-
tributions - labelled cumulative contribution herein - was
very fast for the velocity data. The first hundred velocity
modes covered unambiguous majority of the total TKE,
from 80% (in SBLM1 case) to 90% (in SBLM5). The rate
of convergence is an important parameter since it demon-
strates the degree of organisation in the flow.

On the other hand, the rate of convergence for the vor-
ticity data is much slower. The first hundred vorticity
modes contain 70% of the total enstrophy over the sur-
face SBLM1, while the other SBL surfaces got even worse
score with approximately 50% of enstrophy covered by the
same number of modes.

The similar result was observed for all the surfaces
of the atmospheric type (ABLM1-ABLM5), where the
thickness and the momentum flux of the boundary layer
were pronounced by the spires. Fig. 5 depicts the
same first POD modes based on the vorticity data for
ABLM1-ABLM5. The geometrical patterns are more ver-
tically extensive and occupy the higher elevations. Their
edge is also significantly ragged in a comparison to the
modes from SBLM1-SBLM5 cases, where patterns have
a smooth rim. The tilt angle decreases with the increas-
ing roughness, attaining 10◦ for ABLM1 case and 8◦ for
ABLM5 case.

As well as in the previous cases, the amount of enstro-
phy captured in the most dominant vorticity mode is re-
markably low since the first mode does not exceed 3% and
this amount further decreases with the increasing rough-
ness (Fig. 6). While the enstrophy contribution drops with
increasing turbulence intensity in the flow, the amount
of turbulent kinetic energy inside the velocity modes in-
creases, on the contrary.

The nominal wind speed in the range from 5 ms−1 to 13
ms−1 was found to have no effect neither on the geometry
of the dominant modes nor on the tilt angle of the structure.

The same results were found also for the different
distances D1-D4 between the investigated region and the
spires. The example can be seen for the atmospheric
boundary layer case ABLM4, labelled as ABLM4D1-
ABLM4D4, in Fig. 7. The patterns are very similar
to each other at three distances D2-D4. Just behind the
spires, at the distance D1, the geometrical appearance of
the modes strikingly changes. As the spires completely
disturb the flow and produce lot of vortical motions, the
vorticity POD patterns lose their typical spatial distribu-
tion and become more homogenously located in the space.
Notwithstanding, Fig. 8 proves the relative contribution of
the POD modes to enstrophy just behind the spires to be
even smaller, reaching value of 0.7% (compare to value of
1.3% at position D4).

4 Conclusion

The systematic discrepancies in the relative contribution to
the enstrophy in the flow were found and verified between
our study and published studies of other authors. Although
the spatial shape of the POD modes were extremely sim-
ilar to the published findings and the tilt angle was found
out to be identical, the contribution to the enstrophy was
strikingly off. Since the mathematical method POD was
used in the same manner, the data were collected by the
similar PIV devices and the same physical properties were
analysed as in other authors works, we could not provide
any explanation to clarify such difference.

The goal in the near future is to test different versions
of the Proper Orthogonal Decompositions as well as var-
ious de-noising methods applied to raw data to enlighten
such a significant divergence between the results.

The authors kindly thank the Czech Science Founda-
tion GA CR - GA15-18964S for its financial support.
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