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Abstract

High-spatial-resolution (HSR) two-component, two-dimensional particle-image-velocimetry
(2C-2D PIV) measurements of a zero-pressure-gradient (ZPG) turbulent boundary layer
(TBL) and an adverse-pressure-gradient (APG)-TBL were taken in the Laboratoire de Mécanique
des Fluides de Lille (LMFL) High Reynolds number Boundary Layer Wind Tunnel. The
ZPG-TBL has a momentum-thickness based Reynolds number Reδ2 = δ2Ue/ν = 7, 750
(where δ2 is the momentum thickness and Ue is the edge velocity), while the APG-TBL
has a Reδ2 = 16, 240 and a Clauser’s pressure gradient parameter β = δ1Px/τw = 2.27
(where δ1 is the displacement thickness, Px is the pressure gradient in streamwise direction
and τw is the wall shear stress). After analysing the single-exposed PIV image data using
a multigrid/multipass digital PIV with in-house software, proper orthogonal decomposition
(POD) was performed on the data to separate flow-fields into large- and small-scale motions
(LSMs and SSMs), with the LSMs further categorized into high- and low-momentum events.
The LSMs are energized in the outer-layer and this phenomenon becomes stronger in the
presence of an adverse-pressure-gradient. Profiles of the conditionally averaged Reynolds
stresses show that the high-momentum events contribute more to the Reynolds stresses than
the low-momentum between wall to the end of the log-layer and the opposite is the case in
the wake region. The cross-over point of the profiles of the Reynolds stresses from the high-
and low-momentum LSMs always has a higher value than the corresponding Reynolds stress
from the original ensemble at the same wall-normal location. This difference is up to 80% in
Reynolds streamwise and shear stresses and up to 15% in the Reynolds wall-normal stresses.
Furthermore, the cross-over point in the APG-TBL moves further from the wall than in the
ZPG-TBL. By removing the velocity fields with LSMs which contribute significantly to the
most energetic POD mode, the estimate of the Reynolds streamwise stress and Reynolds
shear stress from the remaining fluctuating velocity fields is reduced by up to 42% in the
ZPG-TBL. The reduction effect is observed to be even larger (up to 50%) in the APG-TBL.
However, the removal of these LSMs has a minimal effect on the Reynolds wall-normal stress
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in both the ZPG and the APG cases.

Keywords: High Spatial Resolution, PIV, Large Scale Motions, Turbulent Boundary Layer,
Adverse Pressure Gradient, Zero Pressure Gradient

1. Introduction

The identi�cation and characterization of coherent structures in turbulent 
ows has been
an active area of research for decades. In wall-bounded 
ows, LSMs are de�ned as coherent
patterns that dominate the log-layer and are characterized as alternating regions of high-
and low-momentum (Kline et al., 1967; Wark and Nagib, 1991; Ganapathisubramani et al.,
2005; Del Alamo and Jim�enez, 2003; Hambleton et al., 2006). Large-scale coherent motions
in the log-law layers are often referred to as superstructures in turbulent boundary layers
(Bross et al., 2021, 2019; Mejia-Alvarez et al., 2014; Barros and Christensen, 2019) and very
large scale motions (VLSMs) in turbulent pipe 
ows (Guala et al., 2006; Hellstr•om et al.,
2011; Hellstrom et al., 2015) and turbulent channel 
ows (Lee et al., 2014; Liu et al., 2001;
de Giovanetti et al., 2017) in the literature. These structures also greatly in
uence the near-
wall region as they superimpose onto the near-wall SSMs and hence, leave their footprints
at the wall (Hutchins and Marusic, 2007a). Furthermore, LSMs in the log-layer cause an
amplitude modulation of the SSMs in the near-wall region (Mathis et al., 2009; Harun et al.,
2013; Hutchins and Marusic, 2007b). These regions of LSMs are elongated up to the order of
20� in the streamwise direction (Hutchins and Marusic, 2007a), where� is the boundary layer
thickness. They are distinguished from the very thin low-speed streaks in the bu�er layer
at high Reynolds numbers due to their much larger wall-normal extent (Liu et al., 2001). A
slightly inclined and elongated streamwise velocity correlation function implies that the LSMs
are signi�cant contributors to the streamwise turbulent kinetic energy (TKE) as observed by
both Grant (1958) and Townsend (1958).

While there have been a number of studies dealing with the statistical nature of TBLs
under the in
uence of a pressure gradient (see Nagano et al. (1993); Spalart and Watmu�
(1993); Skaare and Krogstad (1994); Krogstad and Sk�are (1995); Fernholz and Warnack
(1998); Na and Moin (1998); Bourassa and Thomas (2009); Kitsios et al. (2017); Cuvier
et al. (2017); Sekimoto et al. (2019); Senthil et al. (2020) among others), literature reveals
that only a few characterize the coherent structures (Lian, 1990; Zhou and Lu, 1997; Houra
et al., 2000; Lee and Sung, 2009; Drozdz and Elsner, 2011; Kitsios et al., 2017; Sekimoto
et al., 2017; Senthil et al., 2020) and fewer characterize the LSMs (Harun et al., 2013; Hain
et al., 2016; Bross et al., 2019; Eich and K•ahler, 2020). Using spectral analysis, Harun et al.
(2013) studied the e�ect of pressure gradients on the LSMs in a ZPG-TBL at aRe� 2 = 8; 160
and in an APG-TBL at a Re� 2 = 12; 030 and a� = 1:74. They observed that the large scales
are energized in the entire APG-TBL and that the amplitude modulation of near-wall small
scales by the LSMs increases with an increasing pressure gradient.

Bross et al. (2019) studied the interaction of coherent structures in the near-wall region
of an APG-TBL using high-resolution time-resolved 2D and 3D particle tracking velocimetry
(PTV). They reported that the high-momentum LSMs in the bu�er- and log-layer region were
associated with positive 
uctuating wall-shear stress (+� 0

w) and the low-momentum LSMs
were associated with negative 
uctuating wall-shear stress (� � 0

w). Thus, the LSMs in the log-
layer signi�cantly manipulate the wall-shear stress,� 0

w . They also presented a three-layered
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model of uniform-momentum-zones (UMZs) in a TBL, of which the �rst zone is associated
with the viscous sublayer, the second is formed by the high- and low-speed streaks in the
bu�er-layer and the third is generated by the high- and low-momentum LSMs in the log-
layer. When these low- and high-momentum LSMs coincide with ejections or sweeps (i.e.
Q2 and Q4 events according to the quadrant analysis of Wallace et al. (1972)), the number
of UMZs strongly increases or decreases, respectively (Paakkari et al., 2018). Hence, Bross
et al. (2019) conclude that the momentum of log-layer LSMs and their footprint on the wall
are related to the number of UMZs in the instantaneous velocity �elds.

Proper Orthogonal Decomposition (POD) has been used as a tool to study the coherent
structures, including LSMs since its �rst application in 
uid dynamics by Lumley (1967). It
is a generalization of the conventionally used Fourier power spectral analysis and is used to
investigate the TKE distribution as a function of scale in a TBL 
ow that is inhomogeneous
in the streamwise direction (Liu et al., 2001). POD has been used to study the randomly
distributed counter-rotating eddies as LSMs in a turbulent pipe 
ow by Bakewell Jr and
Lumley (1967) at aReD = UbD=� = 8; 700, whereUb is the bulk velocity and D is the pipe
diameter. Liu et al. (2001) used POD to evaluate the scales contributing towards the events
that produce TKE and Reynolds shear stress from the 2D data of two di�erent channel 
ows
at a Reh = Ubh=� = 5; 378 and 29; 935 (whereh represents the channel half-height) and con-
cluded that the LSMs contain a large fraction of the Reynolds streamwise stress component
and a small fraction of Reynolds wall-normal stress component. Wu (2014) studied the LSMs
in a TBL with a zero pressure gradient (ZPG) at two di�erent con�gurations, Re� 2 = 8200
and 12000, and performed POD to establish a connection between the �rst two dominant
POD modes and the instantaneous large scale structures. The authors concluded that the
Reynolds streamwise stress, Reynolds shear stress and spatial velocity correlation functions
are reduced without the LSMs that signi�cantly contribute to the dominant �rst POD mode.

By performing POD on a dataset, the LSMs are characterized as structures whose con-
tribution to the dominant spatial mode is above a threshold. The classi�cation of LSMs into
high- and low-momentum events is based on the nature of the �rst POD mode. Conditional
averaging of velocity �elds based on this classi�cation leads to the analysis of the contribution
of the extreme events to the turbulent statistics. Guemes et al. (2019) studied the LSMs in
a ZPG-TBL by using POD to investigate the e�ect of high- and low-momentum events on
turbulent statistics. They observed that the high-momentum events have a larger in
uence
on the mean 
ow and Reynolds stresses near the wall when compared to the low-momentum
events, and this e�ect decreases with an increasing distance from the wall. Conversely, the
low-momentum events had a weaker contribution to the inner peak and a stronger contri-
bution to the outer peak in Reynolds streamwise stress pro�le. To the best of authors'
knowledge, the e�ect of the high and low-momentum events on the turbulent statistics in
TBL under the in
uence of an adverse pressure gradient has not yet been investigated.

Earlier studies on the LSMs in wall-bounded 
ows were carried out using either single-
point measurements or low-spatial-resolution 2C-2D PIV measurements. To investigate the
e�ect of high- and low-momentum events near the wall, HSR measurements are of immense
importance. In the present paper, HSR 2C-2D PIV measurements have been used to investi-
gate the LSMs and the e�ect of high- and low-momentum events on the turbulent statistics
in both the ZPG- and the APG-TBLs. This paper is organized in the following manner:
The methodology of the POD on the instantaneous 
uctuating 
ow �eld and classi�cation
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of LSMs into high- and low-momentum events is presented in Section 2. Section 3 describes
the experimental details of the HSR 2C-2D PIV measurements. The �rst- and second-order
statistics, conditionally averaged statistics and sensitivity analysis of di�erent threshold lim-
its along with discussion are presented in Section 4. Lastly, the conclusions are presented in
Section 5.

Throughout this paper, we takex; y and z as the streamwise, wall-normal and spanwise
directions, respectively. The instantaneous, mean and 
uctuating velocities in thex directions
are referred to asu, U and u0, respectively. Accordingly, the velocities iny are represented
by v.

2. Identi�cation of the Large Scale Motions using POD

2.1. Proper Orthogonal Decomposition (POD)

POD using a snapshot method was introduced by Sirovich (1987), brie
y discussed in
Taira et al. (2017) and used in this study to extract modes based on optimizing the mean
square of the 
uctuating velocity. The method is brie
y presented below.

Consider a set of velocity �eldsu 0(x; t ),

u 0(x; t ) = [ u 0(x; t 1) u 0(x; t 2) ::: u 0(x; t N )] 2 RM � N ; M � N (1)

whereN is the number of snapshots (i.e. velocity �elds) and M is twice the number of grid
points in each snapshot and

u 0(x; t ) =
�
u0(x; t )
v0(x; t )

�
(2)

u 0(x; t ) can be decomposed by POD in the following manner

u 0(x; t ) =
NX

i =1

 i (t)� i (x) (3)

where � i (x) is the i th spatial mode and i (t) is the set of the corresponding temporal coef-
�cients.

Let X = u 0. In the regular POD,

R � i = � i � i ; � i 2 RM ; i = 1; 2; ::: ; M (4)

where� i represents the eigenvalue of thei th mode andR is the covariance matrix of vector
u 0(x; t ) such that

R = XX T ; R 2 RM � M (5)

In snapshot-POD, the matrix X T X is used which is much smaller in size as compared to
the regular POD matrix XX T and yet has the same nonzero eigenvalues (Sirovich, 1987).
Hence we can write

X T X  i = � i  i ;  i 2 RN ; (6)
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With the eigenvector (i.e. vector of temporal coe�cients)  i and eigenvalue� i , the
corresponding spatial mode� i can be computed as

� i = X  i
1

p
� i

(7)

This can also be written as
� = X 	� � 1=2 (8)

where the columns of� are the vectors of the spatial modes (� =
�
� 1 � 2 ::: � N

�
2 RM � N ),

the columns of	 are the vectors of temporal coe�cients corresponding to each POD mode
(	 =

�
 1  2 :::  N

�
2 RN � N ) and � is the vector of eigenvalues corresponding to each POD

mode (� =
�
� 1 � 2 ::: � N

�
2 RN ).

The TKE equals to half of the sum of the eigenvalues, i.e.

k =
1
2

u 02 =
1
2

NX

i =1

� i (9)

2.2. Classi�cation of the Large Scale Motions
As described in Wu (2014), the velocity �elds dominated by LSMs are identi�ed as the

�elds for which the magnitude of the temporal coe�cients  i j are beyond a thresholdK�  i ,
where �  i is the standard deviation of the temporal coe�cients corresponding to thei th
POD mode, andK = f 1:0; 1:5; 2:0g is a threshold factor. As the �rst POD mode contains
the largest contribution of the TKE and the streamwise velocity 
uctuations reconstructed
from the �rst mode (u0

� 1
) are either purely positive or negative, we takei = 1 to separate the


ow �eld into the velocity �elds with LSMs and SSMs.

F (j i j > K�  i ) �! F (LSM );

F (j i j < K�  i ) �! F (SSM)
(10)

The LSMs are further classi�ed into the high-momentum (u0 > 0) and low-momentum
(u0 < 0) events based on the nature of the �rst POD mode (Wu, 2014; Guemes et al., 2019).
If the streamwise component of the �rst mode is positive, i.e.u0

� 1
> 0 , the snapshots of the


ow �eld F with their temporal coe�cients  1j larger than K�  1 are identi�ed as those with
dominant high-momentum events (H + ) and those with  1 smaller than � K�  1 are identi�ed
as those with dominant low-momentum events (L+ ).

F ( 1 > K�  1 ) �! H + ;

F ( 1 < � K�  1 ) �! L+ (11)

Conversely, ifu0
� 1

< 0, the snapshots of the 
ow �eld F with  1 > K�  1 are identi�ed as
�elds with dominant low-momentum events (L � ), and those with  1 < � K�  1 as �elds with
dominant high-momentum events (H � )

F ( 1 > K�  1 ) �! L � ;

F ( 1 < � K�  1 ) �! H � (12)

The + and � superscripts have been adopted to di�erentiate between the nature of the
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�rst POD mode and subsequent classi�cation in the two data-sets (i.e. of ZPG- and APG-
TBLs). The basis of the selection of the optimal value ofK is described in section 4.2 and
compared with the other values to analyse their e�ect on the conditionally averaged turbulent
statistics in section 4.4.

3. Experimental methodology

3.1. Facility and Apparatus

High-spatial-resolution 2C-2D PIV images were taken in thex � y plane in the High-
Reynolds-Number Boundary Layer Wind Tunnel at LMFL, Lille, France. This facility has a
2m-wide, 1m-high and 20:6m-long test section. A schematic view of the wind tunnel facility
is shown in �gure 1 with the three di�erent sections indicated; with a zero-pressure-gradient,
with a favourable-pressure-gradient (FPG) and �nally with an adverse-pressure-gradient.
Previously in the EuHIT experiment (Cuvier et al., 2017), 2C-2D PIV measurements of an
FPG-TBL with four sCMOS cameras at four stations and an APG-TBL with 16 sCMOS
cameras in a 3:466m long continuous �eld of view (FOV) were obtained to characterize
the high Reynolds number FPG- and APG-TBL developing over considerably long regions
of the test section before entering the FPG region. The details of the EuHIT experiment
are reported in Cuvier et al. (2017). 2C-2D Planar PIV and 3C-3D Stereo-PIV (SPIV)
measurements of the ZPG-TBL were taken atx = 3:2m and x = 6:8m respectively to
characterize the inlet conditions of the TBL.

To study the dynamics of the TBL in the near-wall and log regions, HSR 2C-2D PIV
measurements of a ZPG-TBL were taken atx = 6:8m, whereas the measurements of the
APG-TBL were taken at s = 5:6m, where s is the curvilinear coordinate along the ramp
surface withs = 0 at the beginning of the ramp. The in
ow velocity for both measurements
is 9m=s. A 29 Megapixel Imperx Bobcat B6640 camera was used to record these images.
The camera has a CCD sensor with 6576 x 4384 pixels and a pixel size of 5:5�m . The image
magni�cation was 12:684�m=px for ZPG-TBL and 12:726�m=px for APG-TBL. The FOV
was (56:190� 46:449)mm for the ZPG-TBL and (47:213� 49:656)mm for the APG-TBL. Due
to the limited number of high-resolution cameras available, HSR 2C-2D PIV measurements
of the whole APG region in the LMFL wind tunnel were not possible. Therefore, APG-TBL
measurements were taken only at one station in the APG region. The FOV was illuminated
by a dual cavity, frequency-doubled Innolas Nd:YAG laser for ZPG-TBL and BMI laser for
APG-TBL with the maximum energy of 150mJ and 200mJ per pulse at a wavelength of
532nm. The laser sheet was created by a combination of converging and diverging lenses
to reduce the thickness in the out-of-plane direction and expand the laser beam to form a
sheet in the in-plane direction. Two cylindrical lenses of focal lengths off = � 1000mm at
the output of the laser andf = +400 mm at about 400mm upstream the FOV were used to
create the laser sheet for the ZPG-TBL measurements. For the APG-TBL measurements, a
cylindrical lens of f = � 40mm and a spherical lens off = 1500mm were used to create the
required laser sheet. The thickness of the laser sheet across the �eld of view was measured
to be about 400�m for the ZPG-TBL and about 200�m for the APG-TBL. The laser sheet
for the ZPG-TBL was introduced from underneath the glass-
oor of the wind tunnel at
x = 6:8m. For the APG-TBL, the laser sheet was introduced from the bottom at a location
downstream of the APG region but mirrored to align its bottom edge coincident with the
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x = 6 :8m

s = 5 :6m

Figure 1: Schematic of the test section in the LML Wind Tunnel. Figure adapted from Cuvier et al. (2017).

Table 1: Boundary layer parameters from EuHIT experiment. Source: Cuvier et al. (2017)

TBL Ue(m=s) � (mm) � 1(mm) � 2(mm) H Re� 2 �

ZPG 9.64 102 16.4 12.0 1.37 7,750 -
APG 11.59 175 33.5 21.0 1.45 16,240 2.27

� 5� inclined plate. The elapsed time between the two laser pulses �t was set to be 30�s
for both TBLs to achieve an optical maximum particle image displacement of 20px on the
sensor. The 
ow was seeded with droplets of a water-glycol mixture with a mean diameter of
around 1�m , using a smoke generator. For each TBL, over 10; 000 image pairs were recorded.
As the purpose was to take HSR 2C-2D PIV images, the measurements for both TBLs could
not capture the whole boundary layer, but instead only a region from the wall up to the
beginning of the wake region. The boundary layer parameters for both TBLs which could
not be computed from the current HSR 2C-2D PIV data, have been adopted from Cuvier
et al. (2017) as presented in table 1.

3.2. Distortion Correction

When measuring with large imaging sensors, lens distortions are introduced into the PIV
images. These are usually radial distortions which are a minimum at the centre of the image
and a maximum in the corners. To correct for these distortions, the PIV images are dewarped
using a second-order rational function (R22) (Willert, 1997) given below:

x̂ i j =
a11x̂oj + a12ŷoj + a13 + a14x̂2

oj
+ a15x̂oj ŷoj + a16ŷ2

oj

a31x̂oj + a32ŷoj + a33 + a34x̂2
oj

+ a35x̂oj ŷoj + a36ŷ2
oj

;

ŷi j =
a21x̂oj + a22ŷoj + a23 + a24ŷ2

oj
+ a25x̂oj ŷoj + a26ŷ2

oj

a31x̂oj + a32ŷoj + a33 + a34x̂2
oj

+ a35x̂oj ŷoj + a36ŷ2
oj

; (13)

a33 = 1

where (x̂ i j ; ŷi j ) and (x̂oj ; ŷoj ) are coordinates of the image points and the object points in
the centred and normalized image spacef P̂I g and object spacef P̂Og respectively. j =
[1; 2; 3; ::: ; Nm ] represents a pair of the corresponding image and object points for an indi-
vidual marker and Nm is the total number of markers in the calibration target image.

The locations of all the markers are obtained with a sub-pixel accuracy by cross-correlating
the calibration image with a custom marker template and using a peak �nding algorithm.
This creates the image space,PI . The approximate magni�cation M is calculated from the
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average distance between the four markers in the centre of the image space because distortion
is minimum there. M is then used to create the object spacef POg with its origin coincident
with the origin of the image space. The centred and normalized image space and object space
are obtained from their original counter partsPI and PO as follows:

f P̂I g =
f PI g � Pi c

xomax

(14)

f P̂Og =
f POg � Poc

xomax

(15)

where Pi c and Poc are the image and object points at the middle of the image space and
object space respectively andxomax is the largestx coordinate in the object space.

The di�erence of the centred and normalized object and image points is highlighted in
Fig. 2 where the arrows extend from the object points towards their corresponding image
points. The maximum di�erence of the image points and object points are observed to be
6:73px and 5:68px in the ZPG- and APG-TBLs PIV images respectively. As shown in the
�gure, the distortion in ZPG-TBL images is a combination of a solid body rotation and
pincushion type while in APG-TBL, it is mostly the pincushion type distortion.

Complete details of the distortion correction method are given in Sun et al. (2021). The
characteristic parameters required to compute the dewarping coe�cients

[a11; a12; ::: ; a16; a21; a22; ::: ; a26; a31; a32; ::: ; a36]

of equation 13 for distortion correction of the current HSR ZPG- and APG-TBLs measure-
ments are listed in table 2.

Table 2: The characteristic parameters to compute the dewarping coe�cients of the equation 13.

Property Units ZPG APG

� xo; � yo (mm) 1 � 0:001 1� 0:001
M (px=mm) 78.839 78.580
P I c (px) (2108.7, 1697.7) (1865.1, 1860.8)
POc (px) (2105.8, 1700.6) (1863.7, 1858.0)
xomax (px) 4392.1 3671.3
P̂I min (px) (-0.467, -0.378) (-0.493, -0.493)
P̂I max (px) (0.521, 0.395) (0.493 , 0.514)
P̂Omin (px) (-0.467, -0.377) (-0.492, -0.492)
P̂Omax (px) (0.521, 0.395) (0.492, 0.514)

3.3. PIV Analysis
The PIV images were analysed using a multigrid/multipass digital PIV (Soria, 1996) with

in-house software. The parameters of the PIV analysis are given in terms of viscous units in
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Figure 2: Di�erence of the centred and normalized object and image points with blue arrows pointing from
the object points towards the corresponding image points for the ZPG on top and APG on bottom. The
number of arrows (i.e. markers) have been down-sampled to help visualize it better.
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table 3. In order to compare the �rst and second-order statistics in the outer layer, pro�les
of the ZPG- and APG-TBLs from the EuHIT experiment measured at the same streamwise
stations and their PIV analysis parameters, are presented in section 4.1. These have been
adopted from Cuvier et al. (2017). The current measurements are approximately 3 times
more resolved in the streamwise direction for both of the TBLs while being about 27 and 8
times more resolved in wall-normal direction for the ZPG- and the APG-TBLs respectively
when compared to their EuHIT counterparts from Cuvier et al. (2017). As the current PIV
measurements have signi�cantly higher resolution in the wall-normal direction, the wall shear
stress� w = �

�
dU
dy

�

y=0
and friction velocity u� =

p
� w=� for both the TBLs are measured

directly from wall-normal gradient of the mean streamwise velocity in the viscous sublayer
at every streamwise grid-point. The mean values of the measured friction velocities are 0.35
and 0.33 for ZPG- and APG-TBL. These values are in good agreement with those measured
in Cuvier et al. (2017) with a deviation of about 1%.

Table 3: PIV analysis parameters. Source for EuHIT data: Cuvier et al. (2017)

Measurement ZPG APG ZPG(EuHIT) APG(EuHIT)

In
ow Velocity ( m=s) 9 9 9 9

Viscous length scalel+ (�m ) 42 44 42 44

FOV ( l+ � l+ ) 1; 492� 1; 090 1; 456� 1; 115 7; 085� 4; 265 78; 847� 5801

Grid spacing (l+ � l+ ) 5 � 1 5� 2 26� 39 34� 34
(px � px) 16 � 4 16� 6 11� 11 14� 14

IW size (l+ � l+ ) 19 � 2 19� 7 57� 57 58� 58
(px � px) 64 � 8 64� 24 24� 16 24� 24

Number of samples 10,479 10,479 10,000 30,000

Vector �eld size 269� 593 224� 633 299� 180 3; 250� 238

Frequency (Hz) 1.5 1.5 5 4

4. Results and discussion

4.1. First- and second-order statistics

Mean streamwise velocity pro�les of ZPG- and APG-TBLs normalized by the viscous units
are shown in Fig. 3. The ZPG-TBL has a longer log-law region than that of the APG-TBL.
For comparison, the outer-layer mean velocity pro�les of the ZPG- and APG-TBLs from
the EuHIT experiment have also been included which are consistent with their respective
pro�le from the current HSR measurements. This is expected because of the same facility
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and nearly matching experimental conditions used for the two experiments. Moreover, the
near-wall pro�les of ZPG-TBL (Willert et al., 2018) and APG-TBL (Cuvier et al., 2017)
obtained using time-resolved 2C-2D PIV (TRPIV) have also been included. As the current
HSR PIV pro�les collapse well with the pro�les from the earlier PIV measurements in the
respective pressure gradient, this shows su�cient repeatability of the experiments.

Figure 3: Mean velocity pro�les.

Reynolds stress pro�les scaled in inner variables and outer variables are shown in Fig.
4. The ZPG-TBL has roughly a 20% lower inner peak in the Reynolds streamwise stress
(u0u0) at y+ � 15 (wherey+ denotes the wall viscous units) pro�le when compared to the
APG-TBL and has no outer peak, which is consistent for TBLs in this Reynolds number
regime. Whereas in the APG-TBL, the outer peak located aty=� � 0:2 (where� denotes the
boundary layer thickness) is almost as strong as the inner peak. The pro�le of Reynolds wall-
normal stressv0v0 has a less pronounced peak aty=� � 0:2 in the ZPG-TBL but is still more
than two times weaker than the peak in the APG-TBL, which is also located aty=� � 0:2.
Reynolds shear stressu0v0 shows a plateau in the regiony+ � 100� 300 in the ZPG-TBL
and an outer peak aty=� � 0:2 in the APG-TBL. This shows that turbulence moves away
from the wall towards the outer region when the TBL is under the in
uence of an APG.
Pro�les of Reynolds stresses in the outer layer from the EuHIT experiment have also been
included for comparison. These pro�les deviate by less than 5% from the HSR measurements
in the region y+ � 130� 500 which could be the result of their low-spatial-resolution and
more averaging due to larger interrogation windows (IWs) used. Abovey=� � 0:15, EuHIT
pro�les are in good agreement with the current HSR measurements. The near-wall pro�les
of ZPG- and APG-TBL from the TRPIV have also been included. While these pro�les are
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in good agreement with the current HSR measurements for Reynolds wall-normal and shear
stresses, they show 2-3% larger inner peak for Reynolds streamwise stress.

The terms that signi�cantly contribute to the turbulence production in the current TBLs
are � u0v0@U=@yand v02@U=@y. These terms are present in the equations foru02 and � u0v0

respectively, in the transport equation for the turbulent stressu0
i u

0
j (Skaare and Krogstad,

1994). The pro�les of these terms are shown in Fig. 5 where the inner peaks are located at
y+ � 12 and y+ � 18, respectively. The peak heights of these terms in the APG-TBL are
roughly 15% and 30% larger than in the ZPG-TBL. This shows a larger turbulence production
in the APG-TBL as compared to the ZPG-TBL in the bu�er layer. No signi�cant outer peaks
are found in either of these terms. For the APG-TBL, this is in contrast to the �ndings of
Skaare and Krogstad (1994) who found two distinct peaks in the inner and outer regions
for each of these terms. They could not resolve the locations of the inner peaks because
of their hot-wire data having low-spatial-resolution in the wall-normal direction. However,
their outer peaks were observed at locations where stresses are maximum (y=� = 0:45). The
absence of the signi�cant outer peak in the present study is expected because of the mild
APG (� � 2) as compared to strong APG in Skaare and Krogstad (1994) (� � 21). In the
current measurements, the inner peaks of� u0v0@U=@yare almost two times stronger than
those ofv02@U=@y, while both are higher in the APG-TBL than in the ZPG-TBL.

4.2. POD Modes
As aforementioned, POD was used to analyse the HSR measurements of the ZPG- and

APG-TBLs. As the EuHIT TBLs do not cover the inner-layer, POD was not performed on
those data-sets to avoid erroneous measurements. Therefore, the results from here onwards
will rely only on the HSR measurements. The distributions of eigenvalues corresponding to
the individual POD modes and their cumulative sum as a fraction of the total energy are
shown in Fig. 6. The POD modes are sorted conventionally, such that the contribution to
TKE decrease with increasing mode numberi i.e. � 1 > � 2 > :::� N > 0. The �rst modes of
the ZPG- and APG-TBLs contain 32% and 42% of the total energy in the 
ow, respectively.
For i > 2, the relative contribution of each mode is roughly similar between ZPG- and APG-
TBLs. It is also interesting to observe that more than 100 modes are required to obtain 90%
of the energy which indicates the highly stochastic (random) nature of the TBL.

The contour plots of the streamwise component of the spatial modesu0
� i

for i = f 1; 2; 3; 4; 5g
are shown in �gure 7 and fori = f 1; 11; 21; 31; 41g in �gure 8 for both TBLs. As shown from
the two �gures, the �rst mode has the largest scales and hence contributes the most to the
TKE. With increasing i , the scales become smaller and smaller which is the reason for their
reduced contribution to the total TKE. The structure of the �rst two spatial modes looks
qualitatively similar to those found in Wu (2014).

Probability density functions (PDFs) of the temporal coe�cients corresponding to the �rst
�ve POD modes for the ZPG- and APG-TBLs are shown in Fig. 9. For each TBL, the �rst
�ve modes have a similar distribution of their temporal coe�cients which appear Gaussian.
As all velocity �elds (i.e. snapshots) contribute di�erently to the �rst and every other POD
mode, those �elds which have the largest contributions to the large scales of the �rst mode� 1

can be characterized as the �elds with dominant LSMs. The extent of contribution of each
velocity �eld to the �rst spatial mode is re
ected by the magnitude of its temporal coe�cient
corresponding to� 1. This is an enhanced de�nition of the basis of the classi�cation described
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(a)

(b)

Figure 4: Reynolds stress pro�les scaled in (a) inner variables (b) outer variables.
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Figure 5: Pro�les of dominant terms in turbulence production.
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Figure 6: Eigenvalues of individual POD modes and their cumulative sum as a fraction of the total energy
of all modes.

in section 2.2. The thresholdK in Eq. 10 is selected based on the distribution of 1. Di�erent
values ofK would give di�erent extent of the LSMs segmented from the turbulent 
ow �eld.
Given that the temporal coe�cients of the �rst POD mode have a Euclidean norm of 1,
K = 1 is chosen as one possible value for the segmentation of the predominant LSMs and
their further classi�cation into high and low-momentum events. A sensitivity analysis of the
second-order turbulent statistics without LSMs using the classi�cation based on the di�erent
values of the threshold factorK = f 1:0; 1:5; 2:0g is presented in section 4.4.

To investigate the e�ect of high- and low-momentum LSMs on turbulent statistics, the

ow �elds F of each TBL is divided into three parts: (i) high-momentum LSMs (H ), (ii)
low-momentum LSMs (L) and (iii) SSMs. Further classi�cation of the �elds with LSMs into
those dominated by high- or low-momentum events is based on the signs of 1j and u0

� 1
. As

u0
� 1

< 0 for the ZPG-TBL, the velocity �elds of the ZPG-TBL with high- and low-momentum
events areH � and L � , respectively. In contrast, asu0

� 1
> 0 for the APG-TBL, the velocity

�elds of the APG-TBL with high- and low-momentum events areH + and L+ , respectively.
The distributions of the temporal coe�cients of velocity �elds with LSMs for both TBLs are
shown in �gure 10 where the red regions correspond to high-momentum events and the blue
regions correspond to low-momentum events. These regions are bounded by dotted lines of
 1j = � �  1 and solid lines ofPDF (j 1j j > �  1 ). The dashed lines and dash-dotted lines
representK = 1:5 and K = 2:0 from �gure 10, respectively.
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Figure 7: Contour plots of the streamwise components of the �rst �ve spatial modes of ZPG-TBL on the left
and APG-TBL on the right.
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Figure 8: Contour plots of the streamwise components the spatial modesu0
� i

of ZPG-TBL on the left and
APG-TBL on the right where i = f 1; 11; 21; 31; 41g.
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Figure 9: PDFs of temporal coe�cients corresponding to the �rst �ve most energetic POD modes for (a)
ZPG-TBL and (b) APG-TBL. The vertical dotted lines correspond to the  1=�  1 = � 1:0, dashed lines to
 1=�  1 = � 1:5 and the solid lines to  1=�  1 = � 2:0.

Figure 10: Classi�cation of LSMs in to high- and low-momentum events depicted on the PDFs of temporal
coe�cients corresponding to the �rst POD modes. The vertical dotted lines correspond to the  1=�  1 = � 1:0,
dashed lines to 1=�  1 = � 1:5 and the dash-dotted lines to 1=�  1 = � 2:0.
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4.3. Conditional Averaging of the Turbulent Statistics

The conditional averaging of turbulent statistics is performed on the sub-�eldsH and L
as presented in table 4. The� and + superscripts di�erentiate between the nature of the
�rst POD mode of the TBLs (see sections 2.2 and 4.2). The subscriptsh and l represent
the conditionally averaged statistics from theH and L sub-�elds, respectively. This notation
will be followed in the pro�les of the conditionally averaged turbulent statistics.

Table 4: The nomenclature of the conditionally averaged turbulent statistics.

High-momentum Low-momentum

Property ZPG APG Property ZPG APG

Uh u[H � ] u[H + ] Ul u[L � ] u[L+ ]

u0u0
h (u0[H � ])2 (u0[H + ])2 u0u0

l (u0[L � ])2 (u0[L+ ])2

v0v0
h (v0[H � ])2 (v0[H + ])2 v0v0

l (v0[L � ])2 (v0[L+ ])2

u0v0
h u0[H � ]v0[H � ] u0[H + ]v0[H + ] u0v0

l u0[L � ]v0[L � ] u0[L+ ]v0[L+ ]

The pro�les of these statistics, along with the dominant term in turbulence production
� u0v0@U

@y scaled in viscous units are shown in �gure 12 for the ZPG- and APG-TBLs. The
pro�les from the original ensemble have also been included for comparison. As shown in
the mean velocity pro�les of the ZPG-TBL (�gure 12(a)), high-momentum events have a
higher mean velocity when compared to the original ensemble, while the opposite is true for
the low-momentum events. A similar trend is observed in the APG-TBL (�gure 12(b)), but
pro�les of high- and low-momentum motions are farther from the original ensemble in the
outer region when compared to the ZPG-TBL which shows that the activity of the LSMs is
enhanced by the APG in the outer layer.

For the Reynolds streamwise stress in the ZPG-TBL (�gure 12(c)), the high-momentum
events contribute more near the wall and in the log region when compared to the low-
momentum events while the opposite is the case in the wake region. Near the wall, high-
momentum events have positive contributions and low-momentum events have negative con-
tributions to Reynolds streamwise stress. This is in agreement with observations of Guemes
et al. (2019), who performed similar investigations in a ZPG-TBL. The near-wall peak in
u0u0

h is about 22% more pronounced compared to the original ensemble. Both high- and
low-momentum events produce an outer peak that is almost as strong as the inner peak in
the original ensemble.

Similarly, high-momentum events contribute more to the Reynolds wall-normal stresses
than low-momentum from the wall to the end of the log-layer and the opposite is the case in
the wake region (see �gure 12(e)). The same near-wall distribution is also found in Reynolds
shear stress (see �gure 12(g)). The Reynolds streamwise and shear stress pro�les for high-
and low-momentum events are up to two times stronger in the wake region compared to
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the corresponding pro�les from the original ensembles. This leads to the conclusion that
the LSMs have signi�cantly strong activity in the outer region, especially in the streamwise
velocity 
uctuations. This is also evident from the pro�les computed from the 
uctuating
velocity �elds other than those with LSMs (u0

i u
0
j m

) , which are below the pro�les from the
original ensemble in the outer region. Another clear observation in the Reynolds stresses
is that the cross-over point, the location iny+ where the of the high- and low-momentum
pro�les cross over each other, has conditioned Reynolds stress values higher than the original
ensemble which is contradictory to the �ndings of Guemes et al. (2019). Moreover, Guemes
et al. (2019) found that the cross-over points in all Reynolds stresses are at nearly the same
wall-normal location, which is not the case in the present study. This is probably because the
HSR data in this study does not cover the whole boundary layer, which a�ects the output of
POD and hence the classi�cation such that the cross-over point falls at di�erenty location
for di�erent Reynolds stresses.

In the APG-TBL case, the contributions of the high- and low-momentum LSMs to
Reynolds stresses (see �gure 12-f (d),(f),(h) g) show similar trends as in the ZPG-TBL, but
their outer peaks are slightly more distant from the original ensemble. This shows the fur-
ther activation of LSMs in the presence of an APG. Another observable di�erence is that the
cross-over point of the LSM pro�les in the APG-TBL moves further from the wall than in
the ZPG-TBL.

The pro�les of � u0v0@U
@y show that high- and low-momentum LSMs have inner peaks which

are about 25% stronger and weaker than the original ensemble respectively (see �gure 12(i)).
The cross-over point in these pro�les is also above the original ensemble and is located near
the wall-normal location of the cross-over point in the Reynolds shear stress pro�les. These
changes in the turbulence production near the wall are in agreement with the results of
Hutchins and Marusic (2007a), who suggest that the LSMs of the log layer have footprints
in the near-wall region. In the APG-TBL (see �gure 12(j)), this spread between the high-
and low-momentum LSMs is about 50% larger than in the ZPG-TBL, and their cross-over
point is also farther in wall-normal direction. This shows that the TKE production due to
the high- and low-momentum events is enhanced and reduced, respectively, by the presence
of an APG.

4.4. Sensitivity analysis

As described in section 2.2, the 
ow-�eld is separated into large- and small-scale motions
based on a threshold value of the temporal coe�cient of the �rst (i.e. the most energetic)
POD mode,  1j . As  1 has a unitary Euclidean norm, the threshold factorK is taken as
1. It is, however, worthwhile to investigate the e�ect of larger values ofK (i.e. 1:5 and
2) on the conditionally averaged turbulent statistics to �nd out what portion of LSMs will
be subtracted if the larger values ofK are used. Because of the Gaussian nature of the
distribution of  1 as shown in �gure 9, fewer and fewer number of velocity �elds match the
criterion j 1j > K�  1 for values ofK increasing from 1:0 to 2:0. Table 5 lists the percentage
values of the number of the velocity �elds matching this criterion forK = f 1:0; 1:5; 2:0g. As
evident, the e�ect of a mild APG on these statistics is negligible as these statistics are very
similar for both TBLs.

The sensitivity of Reynolds stresses to the sorted LSMs based on varying the values of
K is analysed below. Figure 13 shows the pro�les of Reynolds stresses in a ZPG- and an
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