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Vortex Buffeting of Aircraft Tail: Interpretation
via Proper Orthogonal Decomposition
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The proper-orthogonal-decomposition method is applied to particle-image-velocimetry (PIV) data to extract
the most energetic flow structures of vortex-tail interaction. The reconstructed flowfields, in conjunction with
patterns of vorticity and streamline topology, are compared with the original PIV data on a crossflow plane. The
reconstructed flowfields using 5 and 10 eigenfunctions can predict the largest-scale features of the original flowfield.
However, the smaller-scale flow structures, which are evident in the original PIV image, are lost. In other words,
the flow features of smaller scale can be filtered out by employing the first few eigenmodes. By employing 40
eigenmodes, the reconstructed flowfield can reproduce most of the smaller-scale flow structures of the original
flowfield. In terms of the kinetic energy of the fluctuations, about 80% of the total flow energy can be accounted
for using 40 eigenmodes.

I. Introduction

T HE interaction of a broken-down vortex with various types
of physical configurations is generally recognized as a major

source of the unsteady loading. Of particular interest for buffet load-
ing of an aerodynamic surface is characterization of the frequency
and amplitude of velocity and pressure fluctuations. Gursul and Xie1

provided representations of the dimensionless frequency of vortex
breakdown on delta wings. Detailed consideration of the power spec-
tra of velocity fluctuations within the region of vortex breakdown has
been assessed by Garg and Liebovich2 and Gursul and Yang.3 More-
over, Gursul and Yang3 investigated the local pressure fluctuations
at specified locations on a delta wing. The classification of pressure
fluctuations in terms of dimensionless frequencies, which represent
various features of the unsteady flow including vortex breakdown,
was provided by Menke et al.4 The helical mode of instability of
vortex breakdown was viewed to play an important role in deter-
mining the unsteady surface loading. The unsteady features of this
mode were described by Garg and Leibovich2 and Gursul.5 Reviews
and assessments of the flow phenomena of the vortex breakdown
include those of Sarpkaya,6−8 Escudier,9 Brown and Lopez,10 and
Delery.11

As reviewed by Rockwell,12 a number of investigations have as-
sessed the unsteady loading of an aircraft tail as a result of incident
unsteadiness, typically arising from vortex breakdown. Represen-
tative investigations include those of Triplett,13 Brown et al.,14 and
Komerath et al.,15,16 Lee et al.17 observed the vortical flow above
an F/A-18 aircraft. In addition, results for a model F/A-18 with
forebody and leading-edge extension configurations in water tunnel
were found to be in accord with the wind tunnel and flight tests.18

It is expected, however, that the detailed structure of the vortical
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flowfield after burst, or vortex breakdown, will generally be a func-
tion of both Reynolds number and Mach number. As a consequence,
certain details of the flow structure characterized herein can be al-
tered as one approaches values of parameters characteristic of full
scale. The eventual objectives of any of the foregoing types of in-
vestigation are to gain an insight into the physical phenomena of the
unsteady flowfield, in relation to the vortex breakdown and the corre-
sponding loading induced at the aerodynamic surfaces. Numerical
investigations of the unsteady loading on tail/fin include those of
Kandil et al.,19 Gordnier and Visbal,20 and Kandil and Sheta.21 Re-
cent development of quantitative imaging techniques has provided
instantaneous global patterns of the flow to allow rational interpre-
tations of the unsteady loading caused by the vortex-plate and the
vortex-tail configurations.22 These approaches, which are based on
a laser-scanning version of high-image-density particle image ve-
locimetry (PIV), are addressed by Adrian,23 Rockwell et al.,24 and
Westerweel.25 More recently, Rockwell26 assessed case studies of
vortex-dominated flows using the technique of PIV.

II. Experimental System and Techniques
Experiments were conducted in a large-scale free-surface water

channel having a cross section 927 mm wide, 610 mm high, and
approximately 5000 mm long. It is located in the Fluid Mechanics
Laboratory of Lehigh University. This recirculating water channel
was constructed of optically transparent Plexiglas® with water reser-
voirs at the inlet and outlet ends. In this study, the flow velocity was
maintained at 152 mm/s at a water depth of 559 mm. The corre-
sponding Reynolds number based on the chord length of the delta
wing was Rec = 5.2 × 104.

The plan and side views of the delta-wing-tail system are shown
in Fig. 1. The laser sheet orientation is indicated. The tail is aligned
with, or parallel to, the axis of the leading-edge vortex. The sweep
angle of the wing is � = 75 deg, and the effective sweep angle of the
leading-edge vortex is λL = 79 deg. The chord length of the wing is
C = 342 mm. Moreover, the distance between the trailing edge of
the wing and the leading edge of tail is LT = 5 mm or 0.0146C , and
the angle of attack of the delta wing is α = 21 deg for the experiment.
The distance between the leading edge of the tail, at the root of the
tail/delta-wing junction, and the plane of the laser sheet is indicated
by X L = 0.965CT , where CT (=105 mm) denotes the root chord
length of the tail. Figure 2 shows the dimensions of the rigid tail.
The tail had a root chord length of CT = 105 mm, and the ratio of its
thickness-to-chord ratio was tT /CT = 0.12. The span of the swept
leading-edge of the tail was ST = 136 mm. The length of the support
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a)

b)

Fig. 1 Schematic of a) plan and b) side views of delta-wing-tail
arrangement.

Fig. 2 Schematic of rigid tail.

strut of the tail was XT = 51 mm, and the distance from the trailing
edge of the tail tip to the support strut was YT = 60 mm, as indicated
in Fig. 2. The angles of inclination of leading and trailing edges
of the tail were β1 = 70 deg and β2 = 45 deg. In addition, both the
leading and tip edges of the tail were beveled at an angle of 30 deg.

The delta-wing geometry is shown in Fig. 3. It was of
Plexiglas® and had a leading-edge sweep angle � = 75 deg, a chord
C = 342 mm, and a thickness-to-chord ratio tw/C = 0.028. The
leading edges were beveled at an angle of 30 deg on each side
of the wing. Therefore, the sharp leading edge of the wing provided
a stable separation point.

In this study, high-image-density digital particle image velocime-
try (DPIV) was employed by illuminating the flowfield to obtain
instantaneous images of small scattering particles. Comprehensive
reviews of application of the PIV technique are given by Adrian,23

Rockwell et al.,24 and Westerweel.25 For DPIV, the motion of neu-
trally buoyant particles in water is analyzed using the image cross-
correlation technique to determine the two-dimensional velocity
field. The scattering particles are metallic-coated glass spheres with
a mean diameter of 14 µ. They are manufactured by Potters In-
dustries, Inc. These particles were illuminated by a laser sheet ap-
proximately 1 mm thick. It was generated from a Nd:Yag (90 mJ)
double-pulsed laser.

A two-frame cross-correlation technique was employed to de-
termine two-dimensional velocity data for a given interrogation

Fig. 3 Schematic of delta wing.

window with a 50% overlap to satisfy the Nyquist criterion. The
frame-to-frame cross-correlation technique allows the velocity to
be measured without any directional ambiguity. The framing rate of
67 ms, or 15 Hz, between frame pairs was applied throughout the
experiment. The magnification factor (MF) of the lens was calcu-
lated as the ratio of a length in pixels as it appears on the recorded
image to the actual physical length in millimeters. An image was
taken to determine the scale by locating a millimeter scale parallel
to the laser sheet. This approach led to the value of the MF. The
value of MF was 1:7.54 in this study, which gave an effective grid
size of 2.12 mm in the plane of the laser sheet. The grid size in a
given image was 61 pixels in the x direction and 62 pixels in the y
direction, which yields a total of 3782 vectors in the field of view.

III. Proper Orthogonal Decomposition
A. Previous Related Investigations

The proper-orthogonal-decomposition (POD) technique was first
considered in the field of fluid mechanics by Lumley,27 in order to
identify the dynamical coherent flow structures in turbulent flows.
Meteorologists have been referring to the decomposition as the
method of orthogonal empirical eigenfunction. Karhunen–Loeve
expansion is a term also used widely in the literature. Berkooz et al.28

have reviewed the important issues in applying POD to turbulent
flows. Various unsteady flow configurations have been investigated
via POD. They include a turbulent boundary layer,29,30 a mixing
layer,31−33 flow past an open cavity, grooved channels and circular
cylinders,34−36 flow in an enclosure and a vertical channel,37,38 a
turbulent jet,39−42 and flow past a delta wing.43

The POD technique extracts the most energetic eigenmodes by
retaining only a small number of modes that capture most of the
fluctuation energy. The PIV technique of the present study allows,
in effect, acquisition of sequential velocity data at a large number
of spatial points simultaneously, and so it provides an attractive
basis for POD. The snapshot version of POD, which was devel-
oped by Sirovich,44 is particularly relevant to the present inves-
tigation. In this technique, empirical eigenfunctions are extracted
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from spatiotemporal data sets, obtained from either experiments or
numerical computations. In the present study, this snapshot version
of POD is applied to the original PIV images of the flowfield. The
POD simulation carried out herein is focused on vortex breakdown-
tail interaction at a relatively low value of Reynolds number. The
required number of modes to characterize a substantial portion of
the energy of the flowfield might be different for a value of Reynolds
number approaching full scale.

Previous investigations show that the flowfield reconstructed via
POD can accurately describe the original flow structure even with
few empirical eigenfunctions in some cases. Furthermore, this pro-
cedure can be used also as a tool for the elimination of some of the
extraneous small-scale features of the flow.

Direct numerical simulation of a turbulent flow requires a
formidable amount of computing time and memory. Therefore, low-
dimensional models are desirable. Deane et al.34 described low-
dimensional models for flows past a grooved channel and circular
cylinders. By employing a Galerkin method, a governing partial dif-
ferential equation can be reduced to a system of first-order ordinary
differential equations.38,45

The topic of the present investigation is a highly complex, sepa-
rated turbulent flow along the surface of an aircraft tail. Although
this flow does show, to a degree, deterministic behavior as a result
of the onset of vortex breakdown, the downstream region of the
flow structure is certainly not periodic, as it rapidly degenerates to a
quasi-turbulent flow with a low degree of coherence. It is therefore
appropriate to employ a POD technique in order to make simulation
of this flow more efficient and to serve as an eventual basis for flow
control.

B. Present Method
Assuming that M snapshots of the instantaneous velocity field are

available from PIV or numerical flow simulation, the POD method-
ology proceeds as follows. In the first step, the time-dependent ve-
locity field data are decomposed into time-averaged and fluctuation
components, that is,

V(x, y, t) = V̄(x, y) + V′(x, y, t) (1)

where V′ and V̄ denote the fluctuation and time-averaged velocities,
and boldface symbols denote vector quantities. The value of V̄ is
obtained by calculating the average of M snapshots of the velocity
field, that is,

V̄(x, y) = 1

M

M∑

i = 1

V(x, y, ti ) (2)

Evidently, the fluctuating component of the velocity is readily avail-
able from Eqs. (1) and (2), that is,

V′(x, y, t) = V(x, y, t) − V̄(x, y) (3)

In the next step, the empirical eigenfunctions (φk, k = 1, 2, . . . , M)
are constructed by an appropriate superposition of the fluctuation
components of the instantaneous data, as suggested by Sirovich,44

that is,

φκ (x, y) =
M∑

i = 1

AkiV′
i (x, y, ti ) (4)

where V′
i denotes the ith fluctuation velocity field, that is, the fluc-

tuation velocity at t = ti , and Ak represents the kth eigenvector of
the algebraic eigenvalue problem

C A = λA (5)

In Eq. (5), C is an M × M square symmetric real matrix whose
elements are given by

Cmn = 1

M

∫

�

Fmn(x, y, t) d� (6)

Here,

Fmn = V′
m(x, y, tm) · V′

n(x, y, tn) (7)

and � indicates the processing domain. In Eq. (7), the dot de-
notes the inner product between V′

m and V′
n . Having constructed

matrix C , the eigenvalue problem, Eq. (5), is solved, and the eigen-
values (λ1, λ2, . . . , λM ) of C and its corresponding eigenvectors
(A1, A2, . . . , AM ) can be computed. Note that all eigenvalues are
real, nonnegative, and can be arranged in descending order such
that λ1 ≥ λ2 ≥ . . . ≥ λM . Each eigenvalue represents the flow ki-
netic energy contributed by the corresponding eigenfunction. Note
also that

M∑

i = 1

λi = 1

that is, the sum of all eigenvalues reflects the total fluctuation flow
energy. It turns out that the fluctuation velocity field can be approx-
imated by a truncated series expansion of the form

V′(x, y, t) =
N∑

k = 1

ak(t)φκ (x, y) (8)

where the value of N is usually selected to be much less than the
total number of snapshots M and ak , which is time dependent, can be
determined by using the orthonormality property of eigenfunctions,
that is,

ak(t) =
∫

�

V′(x, y, t) · φκ (x, y) d� (9)

Finally, we note that the instantaneous flowfield can be reconstructed
according to

V(x, y, t) = V̄(x, y) +
N∑

k = 1

ak(t)φκ (x, y) (10)

IV. Onset of the Vortex Breakdown
Figure 4 represents the location of the onset of the vortex break-

down via dye visualization and patterns of averaged vorticity 〈ω〉.

a)

b)

Fig. 4 Location of the onset of vortex breakdown (vb): a) dye visual-
ization and b) patterns of averaged vorticity.
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Obviously a spiral type of vortex breakdown can be observed in the
dye image (Fig. 4a). Furthermore, the location of sign changes in
layers of averaged vorticity (Fig. 4b), as indicated by A+

1 , A+
2 , B−

1 ,
and B−

2 , clearly identifies the onset of vortex breakdown in the dye
visualization (Fig. 4a).

V. Assessment of Flow Structures via POD
In the present study, M = 137 snapshots of the velocity data from

PIV were employed in the POD analysis.

A. Patterns of Empirical Eigenfunctions
Figure 5 exhibits the fluctuating component of velocity and pat-

terns of vorticity of the selected empirical eigenfunctions; φ1, φ2, φ5,
φ10, φ20, and φ40. These eigenfunctions were obtained from Eq. (4)
in Sec. III. The first two eigenfunctions represent the large-scale
features of the flow and reflect the most energetic modes. On the
other hand, the smaller-scale flow structures can only be captured by
computing the high-order eigenfunctions, which is also clearly evi-
dent in the plots of vorticity. In the plots of vorticity contours, solid
lines indicate positive vorticity, and dashed lines represent negative
vorticity.

B. Patterns of Instantaneous Velocity and Vorticity
Figure 6 shows comparisons of the original instantaneous PIV

flowfields and the reconstructed flowfields using 10, 20, and 40
eigenfunctions. It is clear that the reconstructed flowfield using 10
eigenfunctions can predict certain of the largest-scale features of the
flow structure, even on the outboard (right) side of the tail. However,
the smaller scales of the flow structure, evident in the instantaneous
PIV image, are not observed in the reconstructed flowfield.

a)

b)

c)

d)

e)

f)

Fig. 5 Selected eigenfunctions for the fluctuating component of velocity and vorticity contours: a) φ1, b) φ2, c) φ5, d) φ10, e) φ20, and f) φ40.

It is evident, however, that the flowfield reconstructed with 20
eigenfunctions shows smaller, more detailed features than the pre-
ceding case using a smaller number of eigenfunctions. The vortical
flow structure on the inboard (left) side of the tail is generally pre-
dicted in this image.

Furthermore even smaller-scale flow features can be extracted
with 40 eigenfunctions. Obviously, the reconstructed flowfield does
not reproduce all of the characteristics of the original PIV flow struc-
ture. The overall form of the secondary (positive) vortex structure
on the outboard (right) side of the tail starts to resemble the form
shown in the original PIV image.

Figure 7 presents the flowfields reconstructed from 40 eigenfunc-
tions at other instants of time, along with the corresponding original
PIV data. It is obvious that the large-scale flow features of the orig-
inal PIV flowfield can, in effect, be reconstructed by employing
40 eigenmodes. However, the small-scale flow structures are only
marginally reproduced, as shown in the images.

C. Comparison of Patterns of Streamline Topology
Figure 8 presents the patterns of the streamlines of the recon-

structed flowfield using 5, 10, 20, and 40 eigenmodes, respectively.
The corresponding streamline pattern of the original PIV data is
shown in Fig. 8e. In Fig. 8a, the reconstructed flowfield involves
five eigenmodes. The streamline pattern on the inboard (left) side
of the tail indicates extended inward spirals along the tail surface.
Moreover, the streamline patterns on the outboard (right) side of
the tail show large-scale swirling motion. However, the streamline
patterns of the original PIV data (Fig. 8e) have a form quite different
from the reconstructed flowfield. In the image of original PIV data
(Fig. 8e), the streamlines on the inboard (left) side of the tail show
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a)

b)

c)

d)

Fig. 6 Reconstructed velocity fields and patterns of vorticity using a) 10, b) 20, and c) 40 eigenmodes in association with d) original PIV data in a
crossflow plane; minimum and incremental vorticity levels are as follows: ωmin = ±±2s−1, and ∆ω = 1s−1.
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a)

b)

c)

d)

Fig. 7 Reconstructed velocity fields and patterns of vorticity using a) 40 eigenmodes in association with b) original PIV data at the specific instant
I = 1, and reconstructed velocity fields and patterns of vorticity using c) 40 eigenmodes in association with d) original PIV data at the specific instant
I = 33 in a crossflow plane; minimum and incremental vorticity levels are as follows: ωmin = ±±2s−1, and ∆ω = 1s−1.
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a)

b)

c)

d)

e)

f)

Fig. 8 Comparison of patterns of streamlines using a) 5, b) 10, c) 20, and d) 40 eigenmodes in association with e) original PIV data on f) laser sheet
plane.

concentrated, inward spiraling patterns. On the outboard (right) side
of the tail of the original PIV image (Fig. 8e), the original streamline
patterns are also characterized by much more complicated topology
than shown in the reconstructed flowfield. From this comparison
between the reconstructed flowfield and the original PIV data, it is
quite obvious that the reconstructed flowfield from five eigenmodes
in Fig. 8a has insufficient information to represent accurately the
original PIV flowfield (Fig. 8e).

The patterns of instantaneous streamlines of the reconstructed
flowfield using 10 eigenmodes are shown in Fig. 8b. It is quite ev-
ident that the streamline patterns of the reconstructed flowfield in
the image are somewhat similar to the patterns of the reconstructed
flowfield from five eigenmodes, as shown in Fig. 8a. In other words,
the reconstructed flowfield from 10 eigenmodes in Fig. 8b does not
indicate a significant gain and is not capable of adequately repre-
senting the original PIV flowfield (Fig. 8e).
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a)

b)

c)

d)

Fig. 9 Averaged patterns of a) velocity 〈〈V〉〉, b) vorticity 〈〈ω〉〉, and c) streamline 〈〈ψ〉〉 on d) laser sheet plane; minimum and incremental values of
parameters are as follows: 〈〈ω〉〉min = ±±2s−1, and ∆〈〈ω〉〉 = 1s−1.

In Fig. 8c, the patterns of instantaneous streamlines of the re-
constructed flowfield using 20 eigenmodes yield a more detailed
representation of the original PIV flowfield (Fig. 8e), relative to the
flowfield obtained from the lower number of eigenmodes presented
in Figs. 8a and 8b. Despite this more detailed reconstruction, the
complex streamline patterns on the outboard (right) side of the tail
in the original PIV (Fig. 8e) are still not adequately represented.
Moreover, on the inboard (left) side of the tail, the streamline pat-
terns are similar to those presented from 5 and 10 eigenmodes cases.

Figure 8d presents patterns of the instantaneous streamline pat-
terns of the reconstructed flowfield using 40 eigenmodes, in relation
to the original PIV data (Fig. 8e). Obviously, the streamline patterns
of the reconstructed flowfield on the inboard (left) side of the tail
clearly start to resemble the patterns of the original PIV data. In addi-
tion, the patterns show the complex features on the outboard (right)
side of the tail, thereby representing reasonably well the topology
of the original PIV flowfield.

D. Patterns of Averaged Velocity, Vorticity, and Streamline Topology
Figure 9 shows patterns of averaged velocity 〈V 〉, vorticity 〈ω〉,

and streamline 〈ψ〉 topology based on the original PIV data. Inward
spiral patterns are observable on the inboard (left) side of the tail,
and the large-scale patterns of the well-organized swirling motion
can be clearly found on the outboard (right) side of the tail.

E. Time-Dependent Coefficients, Normalized Eigenvalues,
and Cumulative Flow Energy

Figure 10 shows selected time-dependent coefficients ak(t),
which are computed according to Eq. (9) in Sec. III. The first seven
most energetic modes are presented. The first temporal expansion
coefficient a1(t) is randomly distributed throughout the sampling

Table 1 POD analysis of flow patterns in a crossflow
plane: normalized eigenvalues and cumulative flow

energy contribution vs eigenmode number

Cumulative
Eigenmode Normalized flow energy,
number eigenvalue %

1 0.1382 13.82
2 0.0897 22.79
3 0.0644 29.23
4 0.0434 33.57
5 0.0366 37.23
6 0.0307 40.30
7 0.0294 43.24
8 0.0260 45.84
9 0.0231 48.15
10 0.0210 50.25
20 0.0112 64.83
40 0.0052 79.56

time of the PIV data. The second coefficient a2(t) and the third
coefficient a3(t) display higher frequency features. Moreover, their
amplitudes are smaller; they represent the small-scale structures of
the second and third eigenfunctions, respectively. For the higher
mode coefficients, a similar trend, at even higher frequency and
smaller amplitude, can be clearly observed in the plot.

Table 1 shows normalized eigenvalues and cumulative flow fluc-
tuation energy according to the eigenmode number. The first two
eigenmodes contribute 22.79% of the total flow fluctuation energy,
whereas the first six eigenmodes reproduce up to 40.30% of the to-
tal energy. The cumulative flow energy level can reach 50.25% of
the total with 10 eigenmodes. In addition, with 40 eigenmodes the
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Fig. 10 Expansion coefficients for the seven most energetic modes.

a)

b)

Fig. 11 Relation of eigenmode number to a) normalized eigenvalue
and b) cumulative flow energy (%).

reconstructed flowfield, which contains 79.56% of flow energy, can
predict the major features of the original PIV flowfield.

Figure 11a displays the distribution of normalized eigenvalues
with respect to the 137 eigenmodes. It can be observed that the
eigenvalues decrease very rapidly for the first 10 eigenmodes. How-
ever, the eigenvalues decrease gradually and converge to zero value
beyond the first 40 eigenmodes. Figure 11b exhibits the cumulative
flow energy according to the 137 eigenmodes. About 84% of flow
energy can be captured by employing the first 50 eigenmodes.

VI. Conclusions
Flow structures associated with vortex-tail interaction, viewed on

a crossflow plane, have been analyzed via proper orthogonal decom-
position (POD). The POD method is applied to the instantaneous
sequential data from particle-image-velocimetry (PIV) experiments
to extract the most energetic phenomena of the flow.

Comparisons of patterns of instantaneous velocity and vorticity
between the original instantaneous PIV data and the reconstructed
flowfields using 5 and 10 empirical eigenfunctions show that the
reconstructed flowfield can extract the largest-scale features of the
flow, whereas the smaller scales of the flowfield are not reproduced in
the reconstructed flowfield. This is rather expected by noticing (see
Fig. 11b) that, based on the analysis, the reconstructed flowfields
from 5 and 10 eigenmodes contribute, respectively, about 37 and
50% of the total flow energy.

Furthermore, even the smaller-scale flow features can be predicted
with higher eigenmodes by employing 20 and 40 eigenfunctions.
However, the reconstructed flowfield does not predict all of the flow
features of the original PIV data. About 80% of flow energy, in fact,
can be accounted for by employing the first 40 eigenmodes. In addi-
tion, the amplitudes of the higher-mode, time-dependent coefficients
are smaller, which reflect the smaller-scale flow features.

An overall comparison between the streamline patterns of the
reconstructed flowfield using different eigenmodes and the corre-
sponding original PIV data is also presented. It is quite interesting to
observe that the streamline patterns obtained from 10 eigenmodes
are of somewhat identical form to the patterns from five eigenmodes:
extended inward spiral patterns form along the inboard (left) side of
the tail, whereas the large-scale features of swirling motion occur
on the outboard (right) side of the tail. In the image of the recon-
structed field from 20 eigenmodes, the streamline topology on the
inboard (left) side of the tail shows similarity to the patterns corre-
sponding to 5 and 10 eigenmodes. However, on the outboard (right)
side of the tail, the complex, small-scale features, obvious in the
instantaneous original PIV image, can be observed. Moreover, the
streamline patterns from 40 eigenmodes can yield more detailed,
smaller-scale flow features of the original PIV flowfield: extended
inward spirals begin to appear along the inboard (left) side of the
tail, and more complicated streamline topology becomes apparent
on the outboard (right) side of the tail.
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In summary, the reconstructed flow structures via POD analysis
using the first few eigenmodes can extract successfully the dominant
spatial features and the most energetic flow structures of the original
PIV data, whereas more complicated spatial flow features and short-
time phenomena can be reproduced by the higher eigenmodes.
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