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Abstract
Turbulent open channel flow is known to feature a multi-layer structure near the free sur-
face. In the present work we employ direct numerical simulations considering Reynolds 
numbers up to Reτ = 900 and domain sizes large enough (Lx = 12πh, Lz = 4πh) 
to faithfully capture the effect of very-large-scale motions in order to test the proposed 
scaling laws and ultimately answer the question: How far does the influence of the free 
surface extend? In the region near the free surface, where fluctuation intensities of velocity 
and vorticity become highly anisotropic, we observe the previously documented triple-
layer structure, consisting of a wall-normal velocity damping layer that scales with the 
channel height h, and two sublayers that scale with the near-surface viscous length scale 
ℓV = Re

−1/2
b h and with the Kolmogorov length scale ℓK = Re

−3/4
b h, respectively. 

The scaling laws previously proposed by Calmet and Magnaudet [J. Fluid. Mech. 474, 
355–378 (2003)] are found to hold with the following exceptions. The thin layer, where 
the intensity of surface-parallel components of the vorticity rapidly decreases to zero, is 
here found to scale with the Kolmogorov length scale ℓK  rather than with the near-surface 
viscous scale ℓV . In addition, we argue that the Kolmogorov length scale is the relevant 
scale for the mean velocity gradient near the free surface. Both the mean velocity gradient 
and the fluctuation intensity of the surface-parallel component of vorticity decay to zero 
in the Kolmogorov sublayer δK ≈ 20ℓK . On the other hand, the layer, where the wall-
normal turbulence intensity decreases linearly to zero near the free surface, scales with ℓV  
rather than ℓK  as suggested by Calmet and Magnaudet. The corresponding near-surface 
viscous sublayer measures δV ≈ ℓV . Importantly, the streamwise turbulence intensity 
profile for Reτ ≥ 400 suggests that the influence of the free-slip boundary penetrates 
essentially all the way down to the solid wall through the appearance of enhanced very-
large-scale motions (δSIL ≈ h). In contrast, the layer where the surface-normal turbu-
lence intensity is damped to zero is restricted to the free surface (δNV D ≈ 0.3h). As 
a consequence, the partitioning of the surface-influenced region has to be expanded to a 
four-layer structure that spans the entire channel height h.
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1  Introduction

Plane Poiseuille flow, also known as closed channel flow (CCF), is one of the most studied 
canonical flows by means of direct numerical simulations (DNSs, Kim et al., 1987; Moser 
et al., 1999; Hoyas and Jiménez, 2006; Lee and Moser, 2015; Oberlack et al., 2022). The 
numerical domain is defined by doubly-periodic boundaries in the stream- and spanwise 
directions, and impermeable no-slip walls at the bottom and the top. Conversely, less atten-
tion has been paid to open channel flow (OCF), where one of the no-slip walls is replaced 
by a free-slip plane, despite its direct relevance to environmental flows. As noted by Pinelli 
et al. (2022), OCF is of particular interest when studying the mass transfer across gas-
liquid interfaces in oceans or engineering applications. One of the defining characteristics 
of OCF is the transfer of kinetic energy from the vertical to the surface-parallel velocity 
components due to the damping effect of the free surface (Swean et al., 1991; Leighton et 
al., 1991; Handler et al., 1993; Komori et al., 1993; Pan and Banerjee, 1995). While the 
inter-component kinetic energy transfer is dominated by the small scales in the vicinity 
of the free surface, Pinelli et al. (2022) showed that low-speed large- and very-large-scale 
motions ((V)LSMs) are much more correlated with the regions of small-scale vortices than 
high-speed (V)LSMs. Hence, the spatial distribution of the small scales in the vicinity of the 
free surface is modulated by the large scales. Most of the early OCF DNSs were restricted 
to small friction Reynolds numbers Reτ = uτ h/ν, based on friction velocity uτ , channel 
height h and kinematic viscosity ν, and/or small computational domains. Recently, Yao 
et al. (2022) compared CCF and OCF by means of DNS data in computational domains 
of Lx × Lz = 8πh × 4πh for Reynolds numbers up to Reτ = 2000. In agreement with 
experiments (Duan et al., 2020, 2021) and previous DNSs (Bauer, 2015), they reported that 
VLSMs—which are a common feature of wall-bounded turbulent flows—are more energetic 
and larger in OCF than in CCF. Generally, VLSMs become more energetic with increasing 
Reynolds number (Bauer, 2015; Duan et al., 2021; Yao et al., 2022), leading to the failure 
of wall scaling of the streamwise intensity in CCF (Hoyas and Jiménez, 2006). As reported 
by Hoyas and Jiménez (2006) for CCF, the streamwise turbulence intensity scales neither in 
wall nor in bulk units. To compare wall-attached motions between OCF and CCF, Gong et 
al. (2023) performed DNSs in extremely large domains of length 48πh for Reτ = 550 and 
length 24πh for Reτ = 1000. They found that wall-attached motions contribute more to the 
turbulent intensity in OCF than in CCF. In Bauer et al. (2024), the current authors carried 
out DNSs at friction Reynolds numbers up to Reτ ≈ 900 in large computational domains 
up to Lx × Lz = 12πh × 4πh and found that unlike CCF, the streamwise turbulence inten-
sity in OCF scales with the bulk velocity for Reτ ≳ 400. The additional streamwise kinetic 
energy in OCF was attributed to larger and more intense VLSMs compared to CCF.

Aiming at the characterization of the multiple-layer structure in the vicinity of the free 
surface in OCF, Calmet and Magnaudet (2003)—hereinafter referred to as CM03—derived 
scaling laws for turbulence statistics based on the rapid distortion theory, which was origi-
nally applied by Hunt and Graham (1978) to the shear-free flow along a flat surface.

CM03 first deduced an integral length scale L∞ using the assumption of high-Reynolds-
number equilibrium between kinetic energy transfer and dissipation rate, ε ∼ u3

iso/ℓ, (where 
uiso = (2k/3)1/2, k = ⟨u′

iu
′
i⟩/2 is the turbulent kinetic energy, and ℓ is the characteristic 

scale of the energetic eddies) and the relation L∞ = ℓ/2 which Hunt and Graham (1978) 
found to be valid for homogeneous-isotropic turbulence. Subsequently, CM03 performed 
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a large-eddy simulation (LES) of OCF at Reτ = 1280 and compared their results to these 
scaling relations. Based on their data, CM03 estimated the thickness of the so-called “sur-
face-influenced layer” as δSIL ≈ L∞ ≈ 0.2h, in agreement with the rapid distortion theory 
of Hunt and Graham (1978). CM03 further categorized the surface-influenced layer into the 
following sublayers in the near-surface region: a viscous sublayer (of wall-normal extent 
δV) which scales with Re−1/2

∞ L∞, and a Kolmogorov sublayer (of extent δK ) which scales 
with Re−3/4

∞ L∞. Note that Re∞ = uisoL∞/ν is the turbulent Reynolds number evaluated 
at the bottom of the surface-influenced region (at a distance of L∞ from the free surface). 
The data of CM03 suggested that the wall-parallel vorticity magnitude decays to zero within 
the viscous sublayer, whereas the wall-normal velocity magnitude grows linearly within the 
Kolmogorov sublayer. Note that the LES of CM03 with a Reynolds number of Reτ = 1280 
was performed in a comparatively small computational domain (Lx ≤ 2πh, Lz ≤ πh) that 
is too restrictive to accommodate VLSMs (Bauer et al., 2024). Moreover, uncertainties from 
their sub-grid scale model motivates a follow-up investigation by means of DNS.

In the present work we are addressing the research question “How far does the influence 
of the free surface extend in turbulent open channel flow?” by revisiting the scaling predic-
tions by CM03, whilst taking into account the latest findings regarding VLSMs and the bulk 
velocity scaling reported by Bauer et al. (2024). For this purpose we analyze the OCF DNS 
data published in Bauer et al., (2023) in a Reynolds number regime where VLSMs begin 
to play a role (up to Reτ = 900) and in a computational domain large enough to capture 
them (Lx = 12πh, Lz = 4πh) with a grid refinement towards the free surface sufficient to 
resolve the thin near-surface layers.

2  Numerical Method

The numerical method is identical to the one employed by Kim et al. (1987), where the incom-
pressible Navier-Stokes equations are solved in their wall normal velocity-vorticity formula-
tion. The flow variables are expanded in terms of Fourier series in the homogeneous stream- and 
spanwise directions, and Chebyshev polynomials in the wall normal direction, respectively. 
While this implies periodic boundary conditions in the stream- and the spanwise directions, 
a smooth no-slip wall at the bottom (u(x, y = 0, z) = 0) and a free-slip boundary condition 
at the top of the channel (∂u(x, y = 0, z)/∂y = v(x, y = 0, z) = ∂w(x, y = 0, z)/∂y = 0) 
are explicitly imposed in OCF as sketched n Fig. 1. The numerical method has shown its 
validity in numerous CCF simulations (Kim et al., 1987; Moser et al., 1999; Jiménez and 

Fig. 1  OCF geometry (left) and CCF geometry (right). Lx and Lz  are the streamwise and spanwise do-
main length, whereas h is the channel height or half-height, respectively
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Pinelli, 1999; del Álamo and Jiménez, 2003; del Álamo et al., 2004). Nevertheless, the 
introduction of a free-slip surface has to be regarded separately. A Chebyshev-Gauss-Lob-
atto grid, which is adopted in the surface-normal direction, provides a grid refinement both 
towards the wall and the free surface. The necessity of the grid refinement also in the vicin-
ity of the free-slip boundary will become obvious in the following discussion section. Addi-
tional information regarding the grid refinement can be found in Appendix A.

Our database features four different OCF and four different CCF simulation cases, sum-
marized in Table 1, where the Reynolds number and the computational domain length are 
varied. Statistics are either computed during runtime (turbulence intensities and spectral sta-
tistics) or from a series of instantaneous flow realizations (three-dimensional velocity corre-
lations). Hereinafter, angular brackets denote averaging over both homogeneous directions 
and time. Normalization in viscous or “wall units” is indicated by a + superscript. Corre-
sponding scales are the friction velocity uτ  and the viscous length scale δν = ν/uτ . Char-
acteristic scales for normalization in “bulk units” on the other hand are the bulk velocity ub 
and the channel height h. Hence, the bulk Reynolds number is defined as Reb = ubh/ν.

3  Results

As stated in Sect.  1, CM03 defined the near-surface length scales based on a turbulent 
Reynolds number Re∞ which characterizes the “turbulence below the surface-influenced 
region” (CM03). However, since in channel flow Re∞ is closely linked to the bulk Reyn-
olds number Reb, herein we define the near-surface length scales based on Reb and on 
the channel height h, which are readily accessible parameters in wall-bounded turbulence. 
Re∞, on the other hand, is computed from uiso at the bottom of the surface-influenced layer, 
which supposedly corresponds to the most isotropic region of the flow. However, our OCF 
data show that the flow becomes less isotropic at higher Reynolds numbers due to VLSMs, 
which weakens the isotropy assumption. Moreover, the choice of the wall-normal location 
where uiso is computed is not trivial, as for instance the wall-normal coordinate of the most 
isotropic region might vary with the Reynolds number. Consequently, in OCF Reb is a more 
robust measure than Re∞, since it is an integral quantity. Henceforth we use the following 
definitions: 

Table 1  Turbulent channel flow simulation cases as published by Bauer et al. (2023, 2024). Lx and Lz  are 
the stream- and spanwise domain length. Nx, Ny  and Nz  are the number of grid points with respect to the 
streamwise, wall-normal and radial direction; ∆x+, the streamwise grid spacing; ∆z+, the spanwise grid 
spacing; ∆y+

max, the maximum grid spacing in the wall-normal direction. Leading “O” indicates OCF cases, 
“C” CCF cases. ∆T  is the temporal averaging interval for turbulent statistics
case Reτ Reb Lx/h Lz/h Nx Ny Nz ∆x+ ∆z+ ∆y+

max ∆T ub/h

O200 200 3170 12π 4π 768 129 512 9.8 4.9 2.5 8660
O400 399 6969 12π 4π 1536 193 1024 9.8 4.9 3.3 1925
O600 596 11047 12π 4π 1536 257 1536 14.6 4.8 3.7 1460
O900 895 17512 12π 4π 3072 385 2048 11.0 5.5 3.7 1054
C200 200 3170 12π 4π 768 129 512 9.8 4.9 4.9 8600
C400 397 6969 12π 4π 1536 193 1024 9.8 4.9 6.5 3260
C600 593 11047 12π 4π 1536 257 1536 14.6 4.8 7.3 1757
C900 889 17512 12π 4π 3072 385 2048 11.0 5.5 7.3 1013
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	 ℓV = Re−1/2
b h,� (1)

	 ℓK = Re−3/4
b h,� (2)

as characteristic length scales for the wall-normal extent of the near-surface viscous and 
Kolmogorov sublayers, respectively. Note that what is called the viscous sublayer near the 
free surface differs from Prandtl’s viscous sublayer near the solid wall. Although viscous 
effects are much weaker near the free surface than near the solid wall, they also play a sig-
nificant role in the vicinity of the free surface.

3.1  Mean Velocity Scaling

In order to adapt to the free-slip boundary condition the surface-normal derivatives of the 
surface-parallel velocities decay to zero when approaching the free surface. Hunt (1984) 
suggested that the mean velocity gradient d⟨u⟩/dy remains approximately zero within a 
thin viscous sublayer near the free surface. Nevertheless, to the knowledge of the present 
authors, the scaling of the mean velocity gradient near the free surface has not been investi-
gated to date. Therefore, we present the profile of the surface-normal derivative of the mean 
streamwise velocity in OCF in Fig. 2. Here, the distance from the free surface is normalized 
with different length scales, i.e. the channel height h( Fig.  2a), the near-surface viscous 
length scale ℓV( Fig. 2b), and the near-surface Kolmogorov length scale ℓK( Fig. 2c). It can 
be seen that the streamwise velocity derivative profiles in the immediate vicinity of the free 
surface collapse well when the surface-normal coordinate is normalized with the near-sur-
face Kolmogorov length scale ℓK( Fig. 2c). Moreover, the layer thickness where the mean 
velocity derivative rapidly decays to zero measures approximately δK ≈ 20ℓK. Note that 
unlike anticipated by Hunt (1984), a region where d⟨u⟩/dy stays approximately zero when 
moving away from free surface does not exist. Finally, the observed scaling clearly shows 
a necessity for fine grid resolutions near the free surface when performing OCF DNSs. We 
will return to this topic in Sect. 3.5

Fig. 2  Surface-normal derivative of the mean streamwise velocity profile d⟨u⟩+/d(y/h) in the vicinity 
of the free surface. Solid lines, O200; dashed lines, O400; dashed-dotted lines, O600; dotted lines, O900. 
The distance from the free surface is normalized with (a) the channel height h; (b) the near-surface vis-
cous length scale ℓV; (c) the near-surface Kolmogorov length scale ℓK
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3.2  Turbulence Intensity Scaling

The extent of the surface-influenced layer can be estimated by comparing turbulence inten-
sities from OCF with their closed channel counterpart, as presented in Fig. 3. Note that 
the OCF domain upper limit at y/h=1 corresponds to the channel centerline of the closed 
channel configuration. The spanwise and wall-normal profiles collapse fairly well with CCF 
results in the vicinity of the (no-slip) wall and throughout most of the flow domain. There 
is, however, a noticeable discrepancy between the profiles for y/h → 1( corresponding to 
the centerline in CCF and to the free-surface in OCF), which is caused by the imperme-
able boundary in the latter case. The impermeability condition in OCF enforces the verti-
cal component of the fluctuating velocity to drop to zero for y/h → 1, while its energy is 
transferred to the surface-parallel components. It can be seen from Fig. 3 that the majority of 
the turbulence intensity vrms is redistributed to the spanwise direction, whereas the stream-
wise component increases less significantly. This is in agreement with results obtained from 
numerical studies of low Reynolds number OCF (Swean et al., 1991; Komori et al., 1993; 
Borue et al., 1995; Nagaosa, 1999; Nagaosa and Handler, 2003, 2012). In Handler et al. 
(1993) it was found that the pressure-strain correlation term is the key contributor to the 
inter-component energy transfer below the free surface. Correspondingly, we have con-
firmed the role of the pressure-strain correlation for the present data (figure omitted).

Fig. 3  Turbulence intensities: urms; , vrms, ; wrms. Gray lines indicate CCF data, nor-
malized by uτ . (a) O200, C200; (b) O400, C400; (c) O600, C600; (d) O900, C900
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As already discussed above, previous authors have defined a “surface-influenced layer” 
as the region where the mean-velocity profiles in OCF deviate from their CCF counterparts 
(CM03). Figure 3 confirms that the thickness of this layer scales with the channel height h, 
and that its extent can be quantified as δNVD ≈ 0.3h. Note that we deliberately use the new 
symbol δNVD( for “normal velocity damping layer”) instead of the denomination “surface-
influenced layer” used by others, as the latter region will be shown to extend much further 
than previously assumed. As a consequence the commonly invoked three-layer structure of 
OCF will be extended to a four-layer structure.

We further observe in Fig. 3 that the streamwise turbulence intensity in OCF shifts 
towards higher values for y/h ≳ 0.1 and Reτ ≥ 400 when compared with CCF values. The 
increase of streamwise turbulence intensity throughout most of the flow domain is presum-
ably caused by VLSMs appearing at Reynolds number as low as 400 in OCF. VLSMs are 
visible in the instantaneous streamwise velocity component for OCF and CCF, as depicted 
in Fig. 4 for Reτ = 900. Figure 4 shows that VLSMs in OCF are more intense and longer 
in the x-direction than corresponding CCF structures. This instantaneous observation is 
supported by the comparison of the statistical footprint of VLSMs between OCF and CCF 
in Appendix B.

In order to quantify the increase in the OCF streamwise turbulence intensity observed in 
Fig. 3, the integrated difference between the OCF and CCF turbulence intensity profiles is 
computed as follows, 

	
ai =

∫ h

0
uO

i,rms dy/(uO
τ h) −

∫ h

0
uC

i,rms dy/(uC
τ h),� (3)

where uO
i,rms and uC

i,rms denote the i-component of the OCF and CCF turbulence intensity, 
respectively, uO

τ  and uC
τ  are the OCF and CCF friction velocities (see Fig. 1 for the defini-

tions of h). Figure 5 displays the evolution of the integral quantity ai as a function of the 
friction Reynolds number. While the streamwise component ax increases monotonically for 
the range of Reynolds numbers considered, the wall-normal and spanwise components (ay , 
az) appear to settle at constant values for higher Reynolds numbers. As shown in Fig. 5, the 
following linear fit, 

	 ax = 0.0208 + 7 · 10−5Reτ ,� (4)

Fig. 4  Volume rendering of the fluctuation of the streamwise velocity component (with respect to its 
streamwise and spanwise average), normalized in wall units u′/uτ  in an instantaneous flow field for 
O900 (a) and C900 (b). An animation of this quantity for Reτ ≈ 600 is included in the supplementary 
material.
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describes the data corresponding to the streamwise component reasonably well
From Fig. 3 it was obvious that differences between OCF and CCF regarding the cross-

stream velocity components are restricted to a layer near y/h = 1, whereas the streamwise 
turbulence intensity differs throughout most of the channel height (for y/h ≳ 0.1). The lat-
ter observation leads to a different scaling behavior of the turbulence intensities as presented 
in Fig.  6. While the spanwise and wall-normal contributions to the turbulence intensity 
scale with the friction velocity uτ  in the bulk region of the flow for Reτ ≥ 400 for both 
flow configurations (Fig. 6a,c), the streamwise contribution differs. Figure 6, shows that the 
streamwise turbulence intensity in open channel flow appears to scale with the bulk veloc-
ity ub for Reτ ≥ 400 and y/h ≳ 0.3, whereas in the closed channel case it neither scales 
with uτ  nor with ub( Fig. 6c,d), as reported in Bauer et al. (2024). Note that the described 
scaling behavior is only observed for domain sizes Lx ≥ 12πh( Bauer et al., 2024). This 
explains why data at high Reynolds number computed in short computational domains (e.g. 
Pirozzoli, 2023, cf. their Fig. 5) does not exhibit the scaling of urms with ub observed here.

Next we turn to the scaling of the turbulence intensities in the different surface lay-
ers in OCF. Figure 7 shows turbulence intensity profiles normalized in wall units, plotted 
as a function of the distance from the free surface normalized with various characteristic 
length scales (h, ℓV, ℓK). It can be seen that scaling y with ℓV provides the best collapse 
of the wall-normal component v+

rms which features a steep drop to zero within the thin 
viscous sublayer. The surface-normal derivative of the surface normal turbulence intensity 
is presented in Fig. 8. In the immediate vicinity of the free surface ((h − y)/ℓV ≲ 1) the 
wall-normal velocity grows linearly when moving away from the free surface, with a slope 
of approximately 0.09. Therefore, the viscous sublayer is estimated as δV ≈ ℓV. Although 
the region where ∂vrms/∂y is constant is often referred to as the Kolmogorov sublayer 
(Brumley and Jirka, 1988, CM03), we find that the layer scales clearly with the near-surface 
viscous scale ℓV rather than with the Kolmogorov scale ℓK( compare Fig. 7b and c).

Fig. 5  Integrated differ-
ence between OCF and CCF 
turbulence intensities: , 
ax; , ay ; , azThe blue line 
indicates the linear scaling law 
ax = 0.0208 + 7 · 10−5Reτ
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Fig. 7  Turbulence intensities normalized in wall units as function of distance from free surface:
, u+

rms; , v+
rms; , w+

rms; solid lines, O200; dashed lines, O400; dashed-dotted lines, O600; 
dotted lines, O900. The distance from the free surface is normalized with (a) the channel height h; (b) the 
near-surface viscous length scale ℓV; (c) the near-surface Kolmogorov length scale ℓK

 

Fig. 6  Turbulence intensities normalized by uτ ( a, c) and ub( b, d) as function of the distance from the 
wall y/h for open channel (a, b) and closed channel configuration (c, d): , urms; , vrms; , 
wrms. (a, b) solid lines, O200; dashed lines, O400; dashed-dotted lines, O600; dotted lines, O900 (Bauer 
et al., 2024). (c, d) solid lines, C200; dashed lines, C400; dashed-dotted lines, C600; dotted lines, C900 
Bauer et al. (2024). The insets in (b, d) show a zoom for the streamwise turbulence intensity component. 
The gray lines in (b) indicate OCF DNS data from Gong et al. (2023) at Reτ = 550( ) and from Piroz-
zoli (2023) at Reτ = 1000( ), 2000 ( ), 3000 ( ), 6000 ( ). The symbols ( ) in (b) indicate a profile 
from OCF measurements by (Duan et al., 2021; 2021) at Reτ = 2407. The gray lines in (d) indicate CCF 
DNS data at Reτ = 2003( , Hoyas and Jiménez, 2006), Reτ = 5186( , Lee and Moser, 2015), 
Reτ = 10049( , Oberlack et al., 2022).
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3.3  Vorticity Scaling

We observe that the intensity of vorticity fluctuations, ⟨ω′
αω′

α⟩1/2( no summation over Greek 
indices), in OCF collapses well with corresponding closed channel flow profiles over most 
of the channel height, except for the region very close to the free surface (figure omitted). 
The profile of the wall-normal vorticity component in OCF already starts to deviate from 
the CCF profile approximately at the bottom of the normal velocity damping layer δNVD.

In the vicinity of the free surface, impermeability and free-slip boundary conditions 
influence all vorticity components, and for y = h the vorticity vector simplifies as follows 

	 w(x, y = h, z) = ∇u(x, y = h, z) = (0, ωy,top, 0),� (5)

while in the closed channel flow case the components show almost purely isotropic behavior 
at the channel center, i.e. ωx,rms(y/h = 1) ≈ ωy,rms(y/h = 1) ≈ ωz,rms(y/h = 1). Note 
that this equality among the fluctuation intensity of the vorticity components at the channel 
center in CCF is progressively approached with the Reynolds number (figure omitted).

In Antonia et al. (1996) and Panton (2009) it was shown that the vorticity fluctuation 
intensity in the outer layer of wall-bounded turbulent flows scales with the Kolmogorov time 
scale, τη = (ν/ε)1/2 = (νh/u3

τ )1/2( assuming that the dissipation rate ε scales with uτ  and 
h), leading to ωi,rms ∼

√
u3

τ /(νh). CM03 found the same scaling to be true for the vortic-
ity fluctuation intensity in open channel flow up to the free surface and, thus, suggested to 
multiply the vorticity fluctuation intensity with Re1/2

τ  after being normalized in wall units in 
order to collapse data at different Reynolds numbers. Applying the above normalization in 
the upper part of the channel domain, we indeed achieve a satisfactory collapse of the differ-
ent Reynolds number profiles away from the wall, as shown in Fig. 9. It can be seen that the 
channel height h is the characteristic length scale away both from the wall and the free sur-
face (cf. Figure 9a). Contrarily, the Kolmogorov scale ℓK  is the relevant scale in the direct 
vicinity of the free surface, where the surface-parallel vorticity components decay to zero, 
as shown in Fig. 9c. In agreement with observations from the surface-normal derivative of 

Fig. 8  Surface-normal derivative 
of the surface-normal turbulence 
intensity in the vicinity of the 
free surface −dv+

rms/d(y/ℓV). 
Solid lines, O200; dashed lines, 
O400; dashed-dotted lines, 
O600; dotted lines, O900
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the mean streamwise velocity (see Sect. 3.1), the surface-parallel vorticity damping layer, 
where the vorticity fluctuation intensity becomes highly anisotropic as the wall-parallel vor-
ticities rapidly decrease to zero, exhibits a thickness of approximately 20ℓK( Fig. 9c), which 
is consistent with the thickness of the Kolmogorov sublayer δK. This finding is in disagree-
ment with CM03, who argued that this layer scales with ℓV which provides an arguably less 
convincing collapse of our data (compare Fig. 9b and 9c).

It should be recalled that CM03 did not have access to fully resolved DNS of open 
channel flow up to Reτ = 900. Their study was limited to the comparison of LES data at 
Reτ = 1280 with only one low Reynolds number DNS at Reτ = 134 from Handler et al. 
(1993), both of them obtained in small computational boxes and rather coarse resolutions. 
A further source of uncertainty in the CM03 study is the use of a subgrid-stress model in 
the context of LES.

As pointed out by Pinelli et al. (2022), the spatial distribution of small-scale vortices 
in the vicinity of the free-slip boundary is influenced by large-scale motions in the form 
of large-scale velocity streaks. Figure 10 presents the vorticity fluctuation intensities near 
the free-slip boundary, conditionally averaged with respect to being located within high-
speed (u′ > 0) or low-speed regions (u′ < 0). In agreement with Pinelli et al. (2022)—who 
found the majority of small-scale vortices in the vicinity of the free-slip boundary to be 
located within large-scale low-speed streaks—the vorticity fluctuation intensity is larger 
in low-speed regions (Fig. 10d,e,f) than in high-speed regions (Fig. 10a,b,c). In the bulk 
flow region the intensity of the streamwise vorticity within low-speed structures appears to 
be slightly larger than that of the other two components (Fig. 10d), whereas the intensity 
of vorticity fluctuations within high-speed structures is approximately isotropic (Fig. 10a).

3.4  Super-Streamwise Vortices (SSV)

Previous investigations have shown that large-scale motion in OCF features elongated 
streamwise vortices associated to the above-mentioned velocity streaks (Zhong et al., 2016; 
Duan et al., 2021; Scherer et al., 2022). The former structures span the entire channel height 
and are sometimes termed “super-streamwise vortices” (SSV). While small-scale vortices 
are directly detectable in both instantaneous visualizations and statistical quantities (i.e. 

Fig. 9  Vorticity fluctuation intensity near the free surface, normalized by u2
τ /νRe−1/2

τ . , ωx,rms; 
, ωy,rms; , ωz,rms; solid lines, O200; dashed lines, O400, dashed dotted lines, O600; dotted 

lines, O900. The distance from the free surface is normalized with (a) the channel height h; (b) the near-
surface viscous length scale ℓV; (c) the near-surface Kolmogorov length scale ℓK
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of the vorticity field itself or through the q-criterion), super-streamwise vortices are not 
directly accessible, since they are superimposed by a wide range of smaller scale turbulent 
motions with higher intensity, and according to Zhong et al. (2016) statistical evidence of 
their existence has been scarce.

In order to extract SSVs from the DNS data, we compute the streamfunction of the 
streamwise-averaged crossflow velocity components, ψ⟨v⟩x⟨w⟩x

(y, z, t), that fulfills the 
requirement 

	

(
∂ψ⟨v⟩x⟨w⟩x

/∂y
∂ψ⟨v⟩x⟨w⟩x

/∂z

)
=

( −⟨w⟩x
⟨v⟩x

)
.� (6)

Figure 11 presents instantaneous realizations of the streamfunction for both OCF and CCF 
at arbitrary times. The iso-contours of the streamfunction in both configurations exhibit 
vortical structures with a diameter of the order of h which can be associated to SSV. In addi-
tion, CCF features low-intensity structures spanning the entire channel height 2h( Fig. 11b). 
Compared to CCF the structure of the streamfunction in OCF appears to be more coher-
ent with more regularly spanwise-alternating vortices. In order to compare the structure of 
the streamfunction quantitatively between OCF and CCF, the two-point correlation of the 
streamfunction, 

	 Rψψ(∆y, ∆z, y0) = ⟨ψ⟨v⟩x⟨w⟩x
(y0, z)ψ⟨v⟩x⟨w⟩x

(y0 + ∆y, z + ∆z)⟩zN ,� (7)

Fig. 10  Conditional average of vorticity fluctuation intensity near the free surface, normalized by 
u2

τ /νRe−1/2
τ . Legend see Fig. 9. (a, b, c) u′ > 0; (d, e, f) u′ < 0. The distance from the free surface 

is normalized with (a, d) the channel height h; (b, e) the near-surface viscous length scale ℓV; (c, f) the 
near-surface Kolmogorov length scale ℓK
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where ⟨·⟩zN  represents averaging in z-direction as well as over N = 50 snapshots, is pre-
sented in Fig. 12(a,b) for Reτ = 900. In addition, the spanwise correlation coefficient of the 
latter quantity, 

	 ρψψ(0, ∆z, y0) = Rψψ(0, ∆z, y0)/Rψψ(0, 0, y0)� (8)

is displayed in Fig. 12(c,d) for the range of Reynolds numbers considered here and for a 
reference point located at y0/h = 0.5. Iso-contours of the streamfunction two-point correla-
tion in OCF (Fig. 12a) clearly reflect the structure of SSVs in terms of alternating stream-
wise vortices with a radius of h over the full channel width. For the iso-contours in CCF 
shown in Fig. 12(b), on the other hand, the correlation decays at smaller spanwise separa-
tion length and the structure is less clear than in OCF. This behavior can be even more 
precisely quantified with the aid of the corresponding spanwise correlation coefficient ρψψ( 
Fig.  12c,d). While in OCF ρψψ  exhibits a regular alternating patterning at all Reynolds 
numbers (Fig. 12c), the spanwise correlation coefficient in CCF hardly features significant 
secondary minima when the spanwise separation length increases (Fig. 12d). Furthermore, 
the iso-contours of the streamfunction two-point correlation when normalized with a global 
reference value (Fig. 12b) indicate that the structures in CCF are less intense than their open 
channel counterparts (Fig.  12a). Both higher correlation values of the streamfunction as 
well as the spanwise organization of the correlation in OCF can be explained by the free-
slip boundary condition, which locks the SSVs in vertical position. In CCF, on the other 
hand, these structures are less constrained and they can propagate (as well as span) across 
the channel centerline. Thus, they cancel each other out when averaged and their statistical 
footprint is less significant than the footprint of corresponding OCF structures. Note that 
Gong et al. (2023) reported a similar effect on wall-attached motions, which in OCF are 
restricted to a region closer to the solid wall than in CCF.

3.5  Updated Surface-Influenced Layer

The comparison of the streamwise turbulence intensity between OCF and CCF in Sect. 3.2 
and SSV in Sect. 3.4 revealed that the influence of the free-slip boundary condition reaches 

Fig. 11  Instantaneous iso-contours of the streamfunction of the streamwise averaged cross-sectional ve-
locity components ψ⟨v⟩x⟨w⟩x

 in OCF (a) and CCF (b) normalized by uτ h for Reτ ≈ 900; Blue solid 
(red dashed) iso-contours indicate values of ψ⟨v⟩x⟨w⟩x

= +(−)0.01 to +(−)0.2 with an increment of 
0.02
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much further towards the solid wall than previously assumed. In order to account for this new 
evidence, we separate the “surface-influenced layer” from a new “normal-velocity-damping 
layer”, thereby expanding the previous three-layer structure to four layers, as sketched in 
Fig. 13. The thickness of the former layer is found to extend essentially across the entire 
channel, hence we propose δSIL ≈ h. The thickness of the latter layer, where the surface-
normal turbulence intensity profile in OCF differs from CCF, is quantified by δNVD ≈ 0.3h, 
similar to previous studies (e.g. Nagaosa, 1999; Duan et al., 2021; ). On the other hand, the 
near-surface viscous sublayer, where the surface-normal velocity grows linearly when mov-
ing away from the free surface, measures δV ≈ ℓV, and the Kolmogorov sublayer, where 
the surface-normal gradient of the mean velocity as well as the intensities of the fluctuations 
of the surface-parallel vorticity components are damped to zero, is estimated as δK ≈ 20ℓK. 
Numerical values for the widths of these four layers as presently defined are given in Table 2 
for the different OCF cases. Note that δK > δV in the present range of Reynolds numbers, 
while Reynolds numbers Reb ≳ 160000 are necessary for δK < δV. Hence the relative 
widths of δV and δK sketched in Fig. 13 apply to high-Reynolds number OCF.

The Kolmogorov layer width, which varies only little when normalized in wall units 
for the range of Reynolds numbers considered (14.2 ≤ δ+

K ≤ 17.6), is of the same order of 
magnitude as the wall-normal extent of the viscous sublayer adjacent to the no-slip wall. 
This highlights a numerical resolution requirement for the free-slip boundary similar to the 

Fig. 12  Two-point correlation of the streamfunction of the streamwise averaged crosssectional velocity 
components Rψψ  with ψ = ψ⟨v⟩x⟨w⟩x

 in OCF (a) and CCF (b) around y0/h = 0.5 normalized by 
(uτ h)2 for Reτ ≈ 900; Blue solid (red dashed) iso-contours indicate values of Rψψ = +(−)10−5 to 
+(−)6.6 · 10−4 with an increment of 5 · 10−5. Note that in (a,b) no averaging over the symmetry plane 
(∆z/h = 0) has been applied in order to show the validity of the statistics. (c,d) Spanwise correlation 
coefficient ρψψ  as defined in Eq. 8 for different Reτ  in OCF (c) and CCF (d). Statistics are obtained by 
averaging over N = 50 temporally equidistant snapshots in a time interval ∆tub/h > 1000
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one near the no-slip wall. DNSs of OCF often use one-sided grid refinement only, which 
leads to acceptable one-point turbulence statistics near the solid wall. However, the non-
linear interactions between the small scales, which are located in the near-surface region, 
and larger scales of motions might not be captured correctly without additional grid refine-
ment towards the free-slip boundary.

4  Conclusion

In turbulent open channel flow the free surface is typically modelled as a free-slip boundary 
when it can be expected to undergo only small deformations. As a consequence the statistics 
generally differ from the counterpart in closed channel flow. For a long time the differences 
in these two configurations were believed to be restricted to the vicinity of the free surface. 
The most prominent effect of the free-slip boundary condition is on the structure of the 
Reynolds stress tensor, which has been widely discussed in the literature (Swean et al., 1991; 
Handler et al., 1993, 1999; Pan and Banerjee, 1995; Nagaosa and Saito, 1997; Nagaosa, 
1999; Calmet and Magnaudet, 2003; Nagaosa and Handler, 2003, 2012). In this work, the 

Table 2  Surface-influenced layer widths (δSIL, δNVD, δV, δK)
case Reτ δSIL/h δNVD/h δV/h δK/h δ+

V δ+
K

O200 200 1 0.3 0.0178 0.048 10.7 14.2
O400 399 1 0.3 0.0120 0.026 14.3 15.7
O600 596 1 0.3 0.0095 0.018 17.1 16.6
O900 895 1 0.3 0.0076 0.014 20.3 17.6

Fig. 13  Updated surface-influ-
enced layer structure in OCF for 
high Reynolds numbers. Surface-
influenced layer δSIL ≈ h, 
normal-velocity-damping layer 
δNVD ≈ 0.3h, near-surface 
viscous sublayer δV ≈ ℓV, Kol-
mogorov sublayer δK ≈ 20ℓK
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scaling of turbulence statistics in the vicinity of a free-slip boundary in open channel flow 
has been analyzed with the aid of data from DNS in computational domains large enough 
to capture the largest turbulence scales while providing sufficient grid refinement near the 
free-slip boundary. For Reτ  up to 900, the triple surface layer proposed by CM03 has been 
observed for the spanwise and wall-normal Reynolds stress components as well as for the 
vorticity fluctuation intensities. In accordance with CM03 we found the channel height h, 
the viscous length ℓV, and the Kolmogorov length ℓK to be the relevant length scales for the 
near-surface layers. Unlike CM03, however, the sublayer where the wall-normal velocity 
decreases linearly towards the surface is found to scale with the near-surface viscous length 
scale ℓV( instead of ℓK), and the thin near-surface vorticity layer is found to scale with the 
Kolmogorov length scale ℓK( instead of ℓV). Regarding their intensity, spanwise and wall-
normal velocity fluctuations do scale in wall units, while the streamwise component tends 
to increase under that scaling when increasing the Reynolds number. This failure of wall-
scaling is well known for closed channel flow and it is related to VLSMs that contribute to 
the streamwise Reynolds stress component for higher Reynolds numbers. For open channel 
flows this effect appears already at lower Reynolds numbers and leads—unlike for closed 
channel flows—to a collapse of the streamwise turbulent intensity profiles normalized with 
the bulk velocity in the region between y/h ≈ 0.3 and y/h = 1, which is already visible 
for Reτ ≥ 400. Since the footprint of the enhanced VLSMs can be found in energy spectra 
very close to the solid wall, the so-called surface-influenced layer δSIL, described by CM03 
and others, has to be extended essentially all the way to the solid boundary for OCF. As a 
consequence, turbulence in the vicinity of a free-slip boundary in OCF has effectively to be 
characterized by four layers: The Kolmogorov sublayer δK ≈ 20Re−3/4

b h—where surface-
parallel vorticities are damped to zero—, the viscous sublayer δV ≈ Re−1/2

b h—where the 
surface-normal velocity component decreases linearly to zero—, the normal velocity damp-
ing layer δNVD ≈ 0.3h—where the surface-normal velocity profile deviates from the CCF 
profile—and the surface-influenced layer spanning the entire channel height δSIL = h—
where the streamwise turbulence intensity profile deviates from the CCF profile.

Note that the above mentioned effect on the streamwise velocity profile cannot be faith-
fully observed in numerical simulations of turbulent open channel flow either at low Reyn-
olds number—where VLSM are not present—or in small computational domains—where 
VLSM are artificially suppressed.

Appendix A Grid Refinement Towards the Boundaries

As mentioned above, DNSs of turbulent open channel flow often lack grid refinement 
towards the free-slip boundary. However, the thin velocity and vorticity damping layer near 
the free-slip boundary, as well as the underlying small-scale coherent motions, make a grid 
refinement towards the free-slip surface desirable. Figure A1 shows that the vertical spac-
ing ∆y is kept below the value of the Kolmogorov length scale η throughout most of the 
flow domain. In order to evaluate whether the boundary conditions near the no-slip and the 
free-slip boundary are fulfilled, the wall-normal asymptotics of the Reynolds stress com-
ponents—which can be obtained from a Taylor series expansion and making use of the 
boundary conditions as well as of the continuity equation—are taken into account. Figure 
A2 shows that the expected asymptotic behavior is well established both near the solid wall 
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and near the free-slip surface. Therefore, the sufficiency of the near-boundary grid resolu-
tion is validated in this context.

Appendix B Very-Large-Scale Motions

Statistically, VLSMs can be extracted from three-dimensional two-point velocity correla-
tions of the streamwise velocity component with a reference point at y/h = 0.9 for O900 
and C900, as displayed in Fig. B3. In agreement with Duan et al. (2020, 2021), the iso-sur-
face of the streamwise velocity correlation (ρuu = 0.1) indicates, that large-scale coherent 
structures in OCF are longer and wider than their closed channel counterpart. More detailed 
information is obtained through the analysis of pre-multiplied energy spectra of the different 
Reynolds number cases for OCF and CCF. The analysis of pre-multiplied energy spectra to 
estimate the spatial extent of coherent structures has been performed in various CCF studies 
(Jiménez, 1998; Del Álamo and Jiménez, 2003; Abe et al., 2004; Monty et al., 2007, 2009) 
as well as recent OCF studies by Duan et al. (2020, 2021). The location of the peak in a pre-
multiplied energy spectrum corresponds to the wavelength of the most energetic motions 

Fig. A2  Asymptotic behavior of Reynolds stress components for O900. , ⟨u′u′⟩+; , ⟨v′v′⟩+; 
, ⟨w′w′⟩+; , ⟨u′v′⟩+. (a): Near-wall region, (b): near-surface region

 

Fig. A1  Ratio of the verti-
cal spacing ∆y and the 
local Kolmogorov scale 
η(y) = (ν3/ε(y))1/4. , 
O200; , O400; , O600; 

, O900. The gray line shows 
closed channel reference data 
(del Álamo and Jiménez, 2003) 
at Reτ = 550. The dashed line 
indicates a reference value of 
π/2, commonly employed in 
DNS of homogeneous isotropic 
turbulence and initially stated by 
Jiménez et al. (1993)
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(Perry et al., 1986). In Fig. B4 two-dimensional pre-multiplied spectra of the streamwise 
velocity fluctuation below the free-slip boundary (y/h = 0.95) are compared to the cor-
responding closed channel data. As mentioned by Duan et al. (2020, 2021), the location of 
the outer spectral peak indicates that large-scale coherent structures in OCF are longer and 
wider than their closed channel counterpart. In general, energetic coherent structures in the 
vicinity of the free-slip boundary in OCF appear at spanwise wavelengths that are about a 
factor of two larger than those related to coherent structures in CCF. Furthermore, in agree-
ment with Pinelli et al. (2022), the outer spectral peak related to VLSM in OCF is visible 
for Reynolds numbers as low as 400 (Fig. B4c), whereas in comparable CCF configurations 
the outer spectral peak occurs for Reτ ≳ 600( Fig. B4f). In Duan et al. (2021) it was noted 
that VLSMs contribute more to the wall-shear stress in OCF than in CCF, while LSMs con-
tribute less to wall-shear stress in OCF than in CCF. The two-dimensional energy spectra in 
Fig. BB4 support this finding, since in CCF the spectral energy peak related to large-scale 
motions visible at length scales λx ≈ 2h, λz ≈ h appears to be of higher amplitude than the 
one related to VLSM (Fig. B4f,h). In OCF, on the contrary, the VLSM peak clearly domi-
nates the spectra (Fig. B4c,e,g).

Fig. B3  Iso-surfaces and iso-contours of the three-dimensional two-point velocity correlation of the 
streamwise velocity component ρuu as a function of the streamwise, spanwise and wall-normal separa-
tion lengths. Reference point of the correlation lies at y0/R = 0.9. (a) O900; (b) C900. The orange 
(cyan) iso-surfaces exhibit values of +(−)0.1. Iso-contours are shown for the xy-plane at z/h = 0 and 
the yz-plane at x/h = 0 with values ranging from +(−)0.1 to +(−)1, increment of 0.1
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Fig. B4  Contour lines of two-dimensional pre-multiplied energy spectra of streamwise velocity fluctua-
tions at y/h ≈ 0.95 as a function of the stream- and spanwise wavelengths κxκzϕ+

uu(λx, λz). Left col-
umn, open channel; right column, closed channel. (a,b) Reτ ≈ 200; (c,d) Reτ ≈ 400; (e,f) Reτ ≈ 600; 
(g,h) Reτ ≈ 900
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