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Abstract Active periods within perturbed boundary-layer flows are considered in terms of
the local roughness of measured velocity time series and defined in terms of Hölder/Lipshitz
exponents. Such events are associated with the passage of energetic, coherent flow structures
and are responsible for exerting high turbulent stresses because of the rapid changes in veloc-
ity that occur at such times. A method is proposed for assessing the effective dimensionality
of such active periods, as well as their significance to the flow field, for a particular choice of
flow metric. The method is applied to the turbulent flow through a confluence flow geometry,
with velocity samples acquired close to the bed of the channel in a zone of complex mixing.
The dimensionality of the active periods is consistent with the observed patterns of sediment
entrainment from the bed, with the significance of the active periods decaying away from
the erosional zone.

Keywords Hölder/Lipschitz regularity · Roughness exponents · Intermittency ·
Flow dimensionality · River confluences

1 Introduction

Although turbulence is inherently three-dimensional, approximating the flow field by mod-
els of reduced dimensionality is often sufficient in various fields, including the transport of
scalars in forests [11], or the study of rotating flows approximated by shallow-water theory
(as suggested by Taylor-Proudman theory) [2,6,34]. In addition, two-dimensional turbulence
is of interest in its own right [13,14,34]. One field where a two-dimensional approximation
is often made is in the study of erosion and transport of particles from the bed of perturbed
boundary-layer flows (e.g. the study of aeolian sediment transport [28], blowing snow [29] or
sediment transport in water flows [4,10,27]). In this case, a vertical coordinate (z) combined
with a coordinate in the longitudinal direction (x) can be used to study the relation between
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Fig. 1 Two example, intermittent, velocity signals are shown in a in black and gray, together with their
coefficient of determination (R2). The data in (b) are the corresponding roughness measures (α)

sediment entrainment and the x–z component of the Reynolds stress, or by considering indi-
vidual quadrant [7] contributions to the Reynolds stress [26] and their relation to sediment
transport [10,27,38]. This assumes that the transverse velocity component in the y direction
makes a minimal contribution to the sediment entrainment process.

Perhaps the simplest approach to assessing the effective dimensionality of the flow is
through a comparison of the variances of the different velocity components. Cross-correlative
or cross-spectral analyses will also permit an assessment of the degree of coherence at par-
ticular frequencies, on average. However, the aim of this paper is to consider the effective
dimensionality of the active periods within the flow, defined as those times when the local
roughness of the velocity signals is high [18], i.e. they fluctuate greatly. Hence, we are
examining the dimensionality of the dynamically important periods rather than the whole
flow field. The intermittent nature of turbulence [24] results in an inherent variability to the
fluctuations of turbulence velocity data, which is compounded in environmental boundary
layers by wake shedding, Kelvin-Helmholtz instabilities and similar processes leading to
the occasional passage of particularly energetic flow structures. It is these periods that are
generally of greatest interest for characterising flow mixing, turbulent stresses or sediment
entrainment, and it is the dimensionality of these that is isolated and investigated here.

Figure 1a shows two hypothetical, intermittent velocity series, ui , in black and gray. While
they are clearly correlated, the time scale of fluctuations in the flow is relatively short, meaning
that the coefficient of determination (R2) between the two signals is not that high. However,
what is perhaps even clearer in this figure is that the periods when the flow is relatively rough
and smooth are closely related. Using a measure of signal roughness, α, explained in Sect. 2,
Fig. 1b shows that the correlation between these roughness measures is much higher. The
method introduced in [18] used these α-series to delimit active periods in the flow, defined in
an n-dimensional sense as the times when nα-series were simultaneously less than average.
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For the data in Fig. 1b, the two series fulfil this condition 47% of the time, but such periods
account for 67% of

∣
∣u′

1u′
2

∣
∣, where the prime indicates a fluctuating quantity. Furthermore,

such periods contain virtually all of the high frequency energy in the signal.
The aim of this paper is to consider a method for defining the dimensionality of these

active flow periods. The first part of Sect. 2 briefly introduces the notion of Hölder/Lipschitz
regularity and a practical method of calculating the Hölder exponent time series for a par-
ticular velocity time series. For three orthogonal velocity components it is then possible to
formulate 7 criteria for an active period based on the consideration of each velocity com-
ponent individually, each pair of components, and the three components simultaneously. In
addition, the complement to this definition is given by the times that are not considered to be
an active period. A statistic is formulated given a choice of an appropriate flow measure (e.g.
turbulence intensity) that compares the average value for this measure between the active
periods and their complement. A means of placing confidence intervals on this statistic is
outlined using surrogate data methods. The most effective definition of an active period for
capturing the greatest variability of the flow statistic defines the effective dimensionality of
the flow. If the observed value for the statistic is not significantly different to appropriately
developed null models from surrogate data, then active periods are not significant to the
flow dynamics, indicating that few energetic flow structures are present and, hence, that the
defined active periods are not dynamically important relative to general fluctuations about
the mean velocity.

While methods such as Particle Imaging Velocimetry (PIV) and related holographic meth-
ods are increasingly used in experimental turbulence studies [1,30,37], the method presented
in this paper is developed for the case of single-point velocity measurements in an Eulerian
frame—the most typical situation for field campaigns in environmental turbulence, that is still
used for precise measurement of turbulence statistics in experimental flows [35]. The method
is applied to three-dimensional velocity time series measured using a field instrument in a
hydraulic flume, where the sampling resolution is sufficient to capture the dominant scales
of coherent structures.

2 Dimensionality criteria

2.1 Lipshitz/Hölder regularity

An active period for a velocity component i was considered to occur by [18] when the local
roughness of the velocity signal was high. Consequently, an active period over velocity com-
ponents i and j, or i, j and k was the intersection of active periods on the individual components.
This analysis was built around the calculation of pointwise Hölder/Lipshitz exponents, α, for
the time series of orthogonal velocity components. These were shown to have both a simpler
cross-correlation structure than the velocity data that was also less sensitive to coordinate
rotation, as well as isolating periods in the flow that accounted for a higher proportion of
∑
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∣ directly. Delimiting active periods in flows based on Hölder/Lipshitz regularity is

logical given the (simplified) view of turbulence as a multifractal process [24,25]. Because
a non-singular support for a fractal signal implies that multifractality is present, the rough-
ness of the signal will vary through time. Isolating the rougher periods in the flow across
multiple velocity components provides an intuitive measure of the periods when the flow is
in a relatively active state.
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Hölder/Lipshitz exponents characterise the regularity of a function at a point and their
study is underpinned mathematically by the work of Littlewood and Paley [23], and research
on the regularity of functions in Banach and Sobolev function spaces, which can also be
employed for studying the Navier–Stokes equations directly [8,9]. The Hölder exponent can
be thought of as related to the fractal dimension of the function at that point. Thus, for a
unidimensional time-series, with fractal dimension, D f , bounded by the integers 1 and 2,
the pointwise Hölder regularity is 2 − D f . More formally, we consider the differentiability
of a signal (its smoothness) relative to polynomial approximations within the local domain
of a specific point. Hence, if we study a velocity series, u(t), in a neighbourhood, δ about a
position, T, then from a Taylor series expansion:

pT (t) =
m−1
∑

i=0

ui (T )

i ! (t − T )i (1)

where m is the number of times that u is differentiable in T ± δ. Defining the approximation
to u(t) at T by pT (t) as

εT (t) = u(t) − pT (t) (2)

then the order of differentiability of u(t) close to T gives an upper bound on εT (t):

|εT (t)| ≤ |t − T |m
m! (3)

This upper bound is then given by a non-integer Hölder/Lipshitz exponent, where a function
u(t) has a pointwise Hölder exponent, αu ≥ 0 if a constant K > 0 and the polynomial pT (t)
of degree m exist such that

|u(t) − pT (t)| ≤ K |t − T |β (4)

The Hölder regularity, α(u), of u(t) at T is then given by the supremum of β that fulfil (4).
Accurate estimation of Hölder exponents can be undertaken in appropriate function spaces

constructed for this purpose [21], or via refinements to the work of [23] on wavelet bases
[12]. However, a simple and rapid method was used by [18] that gave good results based on
a log–log regression of the signal oscillations, OT ±δ , within some distance δ of T against δ,
where OT ±δ is given by:

OT ±δ = max
(

ut∈(T −δ,...T +δ)

) − min
(

ut∈(T −δ,...T +δ)

)

(5)

and δ is distributed logarithmically (from 21 to 210 in this study). This and other methods for
calculating Hölder exponents are available in the Fraclab toolbox (http://apis.saclay.inria.fr/
FracLab/).

2.2 The effective dimensionality of the flow

Figure 2 shows a 40 s segment of velocity time series measured in three perpendicular dimen-
sions from the experiment in a hydraulic flume described in Sect. 3. Three orthogonal velocity
components are shown where coordinate subscripts 1, 2 and 3 correspond to the longitudi-
nal (x), transverse (y) and vertical (z) directions. The mean-subtracted, fluctuating velocity
components are shown as indicated by the prime. In addition, Fig. 2d gives the fluctuating α

series for each velocity component, i, through time (the dependence of α
/
i on t is assumed and
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Fig. 2 Fluctuating velocity time series for three orthogonal velocity components (a–c), along with their cor-
responding, fluctuating Hölder series (d). The black line in (d) is for α′

1, the black, dotted line is for α′
2 and

the gray line is for α′
3

removed for notational convenience in what follows). These forty seconds of data are visual-
ised in Fig. 3 using a wavelet visualization method due to [17]. Consideration of three velocity
components necessitates a movement away from two-dimensional quadrants [7,10,27] to the
definition of flow octants:

octant + 1 ∈ {

u′
1 > 0, u′

2 > 0, u′
3 > 0

}

octant − 1 ∈ {

u′
1 > 0, u′

2 < 0, u′
3 > 0

}

octant + 2 ∈ {

u′
1 < 0, u′

2 > 0, u′
3 > 0

}

octant − 2 ∈ {

u′
1 < 0, u′

2 < 0, u′
3 > 0

}

octant + 3 ∈ {

u′
1 < 0, u′

2 > 0, u′
3 < 0

}

octant − 3 ∈ {

u′
1 < 0, u′

2 < 0, u′
3 < 0

}

octant + 4 ∈ {

u′
1 > 0, u′

2 > 0, u′
3 < 0

}

octant − 4 ∈ {

u′
1 > 0, u′

2 > 0, u′
3 < 0

}

(6)

Defining a flow event as a period of time when the threshold hole size, H, is exceeded, where
this threshold is defined by the product of the standard deviations, σ :

∣
∣u′

1u′
2u′

3

∣
∣ > Hσ(u1) σ (u2) σ (u3) (7)

then Fig. 3 highlights all events exceeding H = 1 during this 40 s period. The wavelet decom-
positions of the velocity data suggest that the vertical components is the least important
contributor to the individual events, with the highest contribution from a single velocity
component being from u1 at 138–139 s at wavelet scale 5. However, the large contributions
at low frequencies (high wavelet scales) across both u1 and u2 at 143.8 and 144.3 s suggest
that at these times there is a particularly large contribution to the Reynolds stress in the lon-
gitudinal-transverse plane by −4 and +4 octants. These two time periods are shown in Fig. 2
to have very different characteristics, with all α′

i < 0 from 138.0 s to 138.5 s, suggesting a
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Fig. 3 A wavelet decomposition of the 40 s of data from Fig. 2 highlighting the presence of different octant
turbulence structures in the record. These plots are described more completely in [16], and employ an undec-
imated wavelet transform to highlight the scales that contribute most greatly to particular octant events. The
normalisation of the wavelet coefficients is undertaken over all scales and all velocity components for a direct
comparison of the shading. The value for the wavelet scales increases with increasing width of the wavelet
filter (decreasing frequency). The velocity triple product is given in (e), while (d) shows the identified octants
(Eq. 6) for a hole size, H, of 1.0. Against a background of medium gray, quadrant 2 events are white, quadrant 4
events are black, quadrant 1 events are dark gray and quadrant 3 events are light gray. Cross-hatching indicates
that the octant designation is negative (u′

2 < 0)

three-dimensional flow structure, but with only α′
2 < 0 at 144 s suggesting that this term is

dominant (which is supported qualitatively by the darker shading for u′
2 at this time in Fig. 3).

Thus, given some measure of the flow, the effective dimensionality of an active period
at some point in time, T, can be defined as the number of velocity components for which
αi < Hα that maximise the value for the flow measure, where Hα is some threshold condition
that may be constant across all velocity components or a function of the velocity component
under consideration. In this paper we consider perhaps the simplest choice for Hα:

Ha(i) = ᾱi (8)

which equates to α′
i = 0.

2.3 Measures of effective dimensionality

A summary measure for the whole time series is required to determine the average effective
dimensionality of the active periods, although it is acknowledged that this may change with
time due to the passage of different flow structures with varying characteristics as noted in
Sect. 2.2. In fact, and with greater generality, what is required is a particular approach to
formulating such a measure as the specific metric that one wishes to employ may depend on
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the purpose of the research undertaken as well as the number of velocity components avail-
able for analysis. In this study, we assume that the metrics (M) most likely to be of interest
are the three pairwise (unsigned) covariances, the unsigned triple product and the turbulence
intensity, given respectively as:

Mi j =
∣
∣
∣u′

i u
′
j

∣
∣
∣ (9a)

M123 = ∣
∣u′

1u′
2u′

3

∣
∣ (9b)

M123+ =
√

(

u′
1

)2 + (

u′
2

)2 + (

u′
3

)2 (9c)

Flow dimensionality (G) can be assessed by isolating those periods that exceed the Hölder
exponent threshold in one, two or three-dimensions:

Gi ∈ {αi < Hα(i)} (10a)

Gi j ∈ {αi < Hα(i)} ∩ {

α j < Hα( j)
}

(10b)

G123 ∈ {α1 < Hα(1)} ∩ {α2 < Hα(2)} ∩ {α3 < Hα(3)} (10c)

If the complement of these sets is also formed, e.g. GC
i /∈ {αi < Hα(i)}, then the average

value for the metric M over the set G and its complement may be used to evaluate the effective
dimensionality of the flow. An appropriate statistic in this case is

S = M(G) − M
(

GC
)

M(G) + M
(

GC
) (11)

where M is a chosen metric and G is a flow dimensionality criterion and the overbar indicates
some form of average.

2.4 Confidence limits on the measures

Because a non-zero value for (11) could arise by chance, it is useful to place confidence limits
on these measures. This we do by following the surrogate data generation philosophy [36]
commonly employed in nonlinear physics. For example, phase synchronisation measures are
generally compared to the mean phase synchronisation for several random sorts of the phase
data [22], while intermittency and structures in turbulent flows have been evaluated using
surrogates that preserve both the histogram of the original data and its spectral properties
[3,31]. The computation of such surrogates can be undertaken using Fourier [32] or wavelet-
based methods [15,16,19]. Given the simple nature of the null hypothesis in this study, the
Fourier method (known as the Iterated Amplitude Adjusted Fourier Transform, or IAAFT
method) was adopted.

Figure 4 shows the velocity and Hölder series for 40 s of data as well as an IAAFT surro-
gate series. Because the IAAFT algorithm is applied to each velocity component separately,
with no cross-spectral characteristic preserved except by chance, the surrogate series provide
a null hypothesis result for the methods described in Sect. 2.3. For example, for calculations
over the full 300 s of data for the time series in Fig. 4, using M123+, with all seven possibilities
for G compared, the three-dimensional measure of flow dimensionality G123 has the highest
value for S (Fig. 5a), suggesting that the flow is fully three-dimensional at this location. How-
ever, the surrogates also exhibit an increase for G123, and in terms of the number of standard
deviations of the surrogates that separates the mean of the surrogates from the value for
the data, either the transverse velocity component or the transverse and vertical components
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in combination appear to define the flow dimensionality. In contrast, further downstream
(Fig. 5b), the relative importance of the longitudinal velocity component increases and the
dimensionality is fully three-dimensional, with the most important contribution coming from
the combined longitudinal-transverse components.

It is to be emphasised that our approach based on the active periods in the flow is differ-
ent to standard approaches based on the velocity variance ratios or cross-spectra and focuses
more upon the flow topology as the active periods, dominated by energetic flow structures are
extracted and considered relative to the background flow. As such, our approach acts as a com-
plement to traditional methods. For example, based on the ratio of standard deviations, both
datasets in Fig. 5 would be considered fully three-dimensional because σ(u1)/σ (u2) = 0.91
and 1.00 for the datasets in Fig. 5a,b, respectively, while σ(u1)/σ (u3) = 1.62 and 1.87,
respectively.

3 The dimensionality measures in practice

The data studied so far in this study were obtained in a hydraulic flume using an acoustic
Doppler velocimeter recording three perpendicular components at 25 Hz. Data were obtained
for 300 s from a sampling volume with its base 1 median grain size (∼2.5 mm) above a fixed
bed (sediment glued into position) in the post-confluence region of a parallel-channel con-
fluence, an experimental configuration used by [5] to study the effects of vortex interactions
at river channel confluences (as opposed to incorporating momentum effects that occur with
junction angles >0◦). The hydraulic flume had a width of 305 mm and a 9 mm splitter plate
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Fig. 5 The results for calculating the flow dimensionality using turbulence intensity, M123+, for the full 300 s
of data illustrated in Figs. 1, 2 and 3 over all measures G for the metric S (circles) is given in (a), with results
for an alternative flow location in (b). The results for surrogate series are given as a boxplot in each case
(dotted line is the median; the box delimits the upper and lower quartiles; whiskers extend for up to 1.5 times
the interquartile range from these quartiles; outliers are shown by crosses). The numbers across the top of each
plot indicate the number of standard deviations that the values for S for the data are separated from the mean
of the surrogates

was placed along the centre of the flume to partition the two flows, one of which passed over a
step with a height, H, of 50 mm. The flow depth in the raised channel was 70 mm and 120 mm
in the unraised channel, with flow velocities of 0.55ms−1 and 0.52ms−1, respectively, mean-
ing that the Reynolds number in both channels exceeded 35,000 and the Froude number
was less than 0.45. Flow structures in this flow configuration are more complex than the
three scales of turbulence seen in a backward-facing step flow (individual Kelvin–Helmholtz
vortices shed from the step in the x–z plane; flapping of the shear layer’s position; periodic
breakdown of the shear layer) [33], through the introduction of vortex shedding in the x–y
plane from the splitter plate that interacts in a complex fashion with these other scales, which
modelling studies have shown depends on the channel width [20].

Figure 6 shows a view from above of applying such a flow to a fully mobile bed for 1 h,
with the location of various sampling locations superimposed, illustrating that the sample
locations capture the regions where flow structures exert the greatest stresses. The data in
Figs. 2, 3, 4 and 5a are from (x/H = 5, y/F = 0.23), while the data in Fig. 5b are from
(x/H = 6, y/F = 0.23). Over one hour, virtually no erosion has taken place downstream
of the channel without a step (y/F > 0.5) or for x/H < 3.0 (which is within the flow
recirculation zone downstream of the step for y/F < 0.5). Vortex impingement associated
with structures generated at the shear layer that delimits the recirculation zone can be seen
from 3.0 < x/H < 5.5, with deposition at y/F < 0.15 and x/H > 5.0. The velocity
spectra in Fig. 7 (estimated using the multitaper method) show that the peak in frequency
within the region of vortex impingement on the bed is at ∼1 Hz, which is well within the
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Fig. 6 The post-confluence region for a parallel-channel confluence flow after one hour of erosion of a
mobile bed. Sediment movement is restricted to locations where flow structures generated by the step (posi-
tioned between y/F = 0 and y/F = 0.5) interact with those from the vertical splitter plate at y/F = 0.5
(where F indicates the flume width). The crosses are the sampling locations where velocity data were collected
over a fixed bed

Nyqvist cut-off of 12.5 Hz for the instrument used and is sampled adequately by a 300 s time
series duration.

Figures 8 and 9 give results for three longitudinal transects and one transverse transect
based on metrics M123 and M123+. The ordinate, Ssurr indicates that the statistic S from (11)
has been re-expressed in terms of the mean and standard deviation of the surrogate data, S∗,
according to:

Ssurr = S − S∗
σ (S∗)

(12)

The seven different definitions of flow dimensionality, G, based on different combinations of
the α-series for various velocity components are shown by different symbols. The dotted line
at Ssurr = 1.96 corresponds to a 2.5% significance level for a one-tailed test, if it is assumed

123



Environ Fluid Mech (2009) 9:509–523 519

0

100

200

300
x/H=3

P
(f

)

0 

100

200

300
x/H=5

0 

100

200

300
x/H=10

0

100

200

300

P
(f

)

0

100

200

300

0

100

200

300

10
−1

10
0

10
1

0

20

40

60

f (Hz)

P
(f

)

10
−1

10
0

10
1

0

20

40

60

f (Hz)

10
−1

10
0

10
1

0

20

40

60

f (Hz)

u/
1

u/
2

u/
3

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 7 The power spectral density for the three velocity components as a function of x/H at y/F = 0.23.
Note the change in scale for the vertical velocity component (g), (h) and (i)

that the surrogates are normally distributed. It is clear that by x/H = 10 (Fig. 8) and for
y/F > 0.5 (Fig. 9), the dimensionality measures are generally not significant. This indicates
that coherent flow structures are either decaying or no longer present at these locations and,
consequently, that values for M123 or M123+ are not particularly associated with any choice
of G. The spectra in Fig. 7 show the decline in energy at x/H = 10, which diminishes the
change in αi relative to background variability.

For this experiment, with the possible exception of (x/H = 6.0, y/F = 0.23) measured
using M123+ (Fig. 9b) rather than M123 (Fig. 9a), full three-dimensionality of the active peri-
ods is not discerned. Instead, at (x/H = 6.0, y/F = 0.16, 0.23) the high values for G12

and the barely significant values for G3 show that the active periods at these locations are
organised in the x–y plane. However, closer to the step, i.e. (x/H = 4, y/F = 0.16, 0.23),
where eddy impingement upon the bed is clear from Fig. 6, Fig. 8a,b show that the dimen-
sionality of the active periods is in the y–z plane (gray triangles are dominant). Closer to
the step and within the flow recirculation zone at (x/H = 3, y/F = 0.16), Fig. 8a shows
that G2 gives the most significant result, but that results in general are less significant at
this position than they are for x/H = 3 and y/F = 0.23, 0.30. In particular, Fig. 8c shows
that all choices for G give highly significant results at (x/H = 3, y/F = 0.30), which
can be explained by the fact that this point lies close to, but beyond, the mean reattachment
position and is affected by both flapping of the mean reattachment location [33], and lateral
draw-in of fluid into the recirculation zone formed behind the step from the deeper flow at
y/F > 0.5. The complexity of this flow environment is highlighted at x/H = 5, where
at y/F = 0.30 the dimensionality of the active periods is dominated by the vertical and
vertical-transverse components (Fig. 8c), while at y/F = 0.16 (4 cm away), these are the
least important terms.
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Fig. 8 Three longitudinal transects of Ssurr for metric M123 at y/F = 0.16 (a), y/F = 0.23 (b) and
y/F = 0.30 (c). The seven possible definitions for G (Fig. 5) are given by different symbols as indicated in
the legend. The dotted line corresponds to 1.96 standard deviations from the mean

The general interpretation that for x/H < 6 (or x/H < 5 at y/F = 0.16) the active
periods have an important vertical component (Fig. 8), but that at x/H = 6 (Fig. 9a), the x–y
component is most important, is consistent with the erosion map in Fig. 6. Rapid accelerations
and decelerations about a grain of sediment on the bed that have a vertical component, and
are coherent with fluctuations in another plane will exert high forces promoting entrainment.
If the dimensionality of the structures shifts to the longitudinal-transverse plane, then high
lateral stresses may cause the sediment grain to pivot in its position, potentially making it
easier to erode the sediment by a subsequent flow event, and they may also transport par-
ticles already eroded. However, the lack of an important vertical component to such active
periods reduces the potential for sediment entrainment. Hence, consideration of the dimen-
sionality of the active periods and their significance relative to null surrogate data, leads to
an understanding of the flow topology that is consistent with observed patterns of sediment
entrainment.

4 Conclusion

In this paper a method has been presented for determining the effective dimensionality of
the active periods in a turbulent flow. These are defined in terms of the Hölder/Lipshitz reg-
ularity of the orthogonal velocity components measured at one position. Having calculated
these exponents for each velocity time series using Eq. 5, the active periods are given by the
intersection over the velocity components of those periods where roughness is greater than
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Fig. 9 A transverse transect of Ssurr at x/H = 6.0 for metric M123 (a), and M123+ (b). The seven possible
definitions for G (Fig. 5) are given by different symbols as indicated in the legend. The dotted line corresponds
to 1.96 standard deviations from the mean

average (Hölder regularity is less than average). Having identified these active periods and
an appropriate measure of the flow characteristics for a particular study (e.g. the turbulence
intensity, Eq. 9c), a simple statistic is formulated comparing the average value of this measure
for those periods classified as active periods and those that are not (Eq. 11). To interpret the
value from Eq. 11 in terms of a confidence interval, surrogate velocity series are generated
from the original data that preserve the original histogram and linear structure (autocorrela-
tion), but randomise the nonlinear parts (the Hölder regularity). Consequently, Eq. (12) gives
the significance of the measure on the data relative to the linear surrogates. By choosing
to define an active period in a variety of ways (Eq. 10), diagrams such as Fig. 8 permit the
dimensionality of these active periods to be established.

This new approach is potentially of use to a wide range of studies of environmental tur-
bulent flows, where understanding the nature of the flow structures that constitute the active
flow periods and their contribution to turbulence intensity or Reynolds stresses is important.
This includes studies of mixing, pollutant dispersal, estimation of gaseous fluxes (e.g. CO2

emissions from forests [31]), and sediment transport. The Eulerian approach taken to flow
structure identification in this paper also makes the method broadly applicable to field-based
study. Further work is required on the optimal choice of threshold in Eq. (8) for identifying
active periods that correspond to particular flow structures. In the future, a combined PIV
and conventional velocity probe study in a wind tunnel or hydraulic flume will be undertaken
to provide more guidance on this choice.
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