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ABSTRACT 
The study of turbulence structures in the atmospheric 

surface layer (ASL) under near-neutral conditions have 
become active of late; the observation campaigns have 
revealed the existence of very-large-scale motions 
(VLMSs) in the wall turbulence under high Reynolds 
number conditions. However, the generation process of 
the VLMSs are not fully understood. Indeed, two 
conception models which differ in kind from each other 
are proposed in explanation for the origin, i.e., one is 
based on the top-down processes of the detached eddies 
with meso-scale vortices above the ASL and the other is 
based on the bottom up processed  of attached eddies near 
the ground. The study here examine the impacts of meso-
scale vortices above the ASL (logarithmic layer) to the 
VLSMs. We carried out a large-eddy simulation by using 
a numerical weather prediction model, WRF, for a real 
near-neutrally stratified ASL, and investigated the 
turbulence characteristics in the ASL, especially paying 
attention to the effects of impinging motion of detached 
eddies with meso-scale vortices above the ASL into the 
near-wall (ground) region. After confirming the basic 
characteristics of atmospheric turbulence in the ASL, 

which correspond to those generally observed in the ASL, 
and the height of the logarithmic layer (ASL) is about 
102m, we discussed the temporal and spatial structures of 
fluctuating velocity fields through spectrum analysis, 
visualization of flow fields and conditional sampling 
procedures. The pre-multiplied energy spectrum of 
fluctuating streamwise velocity near the ground showed a 
characteristic length, which corresponds to VLSMs. The 
snapshots of instantaneous velocities present a streaky 
structures near the ground (in the ASL) and also the large-
scale features above the ASL, which have a superimposed 
footprint in the small-scale structures near the ground. 
Two point correlations with time delay, , between 
streamwise and vertical fluctuating velocities with the 
probing (reference) point fixed above the ASL, show the 
impact of impingements of detached eddies to the 
streamwise large-scale fluid motions of fluctuating 
velocities near the ground, e.g., the correlation of Rwu(z, 
) takes negative values in the ASL, the scale of which 
corresponds to that of VLSMs. These results give an 
evidence for the existence of interaction between 
impingement detached eddies with meso-scale vortices 
and the VLSMs in streamwise fluctuating velocities near-
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wall (ground) region, and also imply the coexistence of 
conflicting two mechanism due to top-down and bottom 
up processes with the VLSMs in a real neutral ASL, 
which is consistent with the existing observations. 

INTRODUCTION 
The study of turbulence structures in the atmospheric 

surface layer (ASL) under near-neutral conditions, which 
is a lower part of the atmospheric boundary layer, has 
become active of late. The existing studies, mainly 
focusing on coherence structures of a wall turbulence 
under high Reynolds number conditions, have revealed 
the existence of very-large-scale motions (VLSMs) and 
their typical features, such as peaks occurring at low 
frequencies in the pre-multiplied energy spectra, through 
the observations (e.g. Hutchins and Marusic 2007, Wang 
and Zheng 2016). 

Also, accurate descriptions for turbulence statistics of 
wind fields in the near-neutral ASL is critically required in 
view of the increasing and broadening use of numerical 
weather prediction models. The models need to estimate 
turbulence fluxes of momentum, heat and moisture in the 
ASL as boundary conditions. On the other hand, recent 
observations (Högström 1990, Högström et al. 2002, 
Drobinski et al. 2004, Drobinski et al. 2007) have 
indicated that the fluxes under near-neutral conditions are 
often inconsistent with Monin-Obukhof theory, which has 
been widely used in the models; the observations were 
conducted over flat surfaces with homogeneous roughness, 
and thus the violation from the theory might not be due to 
the underlying surface conditions. 

Possible mechanisms for such deviations from Monin-
Obukhof theory have been investigated with the help of 
rapid distortion theory and large eddy simulations 
(Högström et al. 2002, Carlotti and Drobinski 2004, Foster 
et al. 2006, Drobinski et al. 2007). These studies suggest 
that effects of detached eddies with “meso-scale vortices”, 
the characteristics length of which is much larger than 
those generated by the wind shear in the ASL, on the ASL 
are essential to the peculiar turbulence characteristics; 
detached eddies with “meso-scale vortices” might produce 
eddy impingements onto the ASL; as they descend into 
the ASL, they are strongly distorted by the local shear and 
impinge onto the ASL and change the vertical turbulence 
transport non-locally.  

However,  how detached eddies interact with 
turbulence structures in the ASL is not fully understood; 
indeed, there has been no clear evidence to show 
impinging eddy motions that might be key in the ASL and 
more work is eagerly awaited (Drobinski et al. 2007). In 
particular, the details of dynamic process, such as 
generation and disappearance of organized motions with 
the effects or detached eddies, has not been fully 
understood yet. This must be due to the lack of the 
information on spatial- and temporal-structures in the ASL 
with the observations, which is caused by the difficulty in 
measuring or including detached eddies in observations. 
Indeed, two conception models which differ in kind from 
each other are proposed in explanation for the origin of 
peaks in the pre-multiplied energy spectra (Högström et al. 
2002, Hutchins and Marusic 2007), and also the possible 
mechanism for the generation of the VLSMs is still a  

Figure 1.  Computational domain for meso- (d01 and d02), 
(a) and micro-scale (d03  d-5), (b) simulations.

matter of controversy (Hutchins et al. 2012, Fang and 
Porté-Agel 2015, Wang and Zheng 2016). 

Thus, aiming to investigate the effects of meso-scale 
vortices on the VLSMs in a real near-neutral atmospheric 
surface layer, we perform numerical simulations by using 
a mesoscale meteorological model, WRF, which has been 
widely used all over the world for numerical weather 
prediction, with LES mode (hereafter WRF-LES). We use 
a nesting technique, which represents the interaction 
between mesoscale vortices and turbulence eddies, such as 
setting for computational grids and domains and discuss 
turbulence structures in a real ASL under near neutral 
conditions. 

EXPERIMENTAL SETUP 
We consider a typical ASL turbulence under near-

neutral conditions with a windstorm observed in Japan on 
April 3, 2012. The windstorm yielded strong wind fields 
with a constant wind direction over an area encompassing 
the Tohoku region during 6 hours, which must allow for 
the discussion on very large-scale coherence structures. 
The simulations are run for 6 hours with initialization at 
1800 UTC, April 3, 2012, and the statistics are estimated 
with averaging over the last 20 min of the simulations. 

We set-up the configurations in accordance with 
Talbot et al. (2012), which examined the performance of 
nested WRF-LES to explicitly simulate a spectrum of 
scales from large-scale mesoscale flow, down to fine scale 
turbulent eddies in the atmospheric boundary layer: the 
mesoscale simulation and the WRF-LES are run 
separately (mesoscale inputs are saved and later use to 

(a) 

(b)
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Figure 2.  Time-series of fluctuating streamwise and 
vertical velocities normalized with r.m.s. values and wind 
direction at z = 10 m of the centre location in d05. 

force the WRF-LES), and thus, the one-way nesting is 
performed. The computational domains for the mesoscale 
simulation and WRF-LES are shown in Fig. 1. Five 
domains were nested for the simulation. The largest and 
coarsest two domains are set for the mesoscale simulation, 
while in the smallest and finest three with the nesting ratio 
of 1/3 the large-eddy simulation technique is used. The 
largest domain (d01) with a horizontal resolution of 1350 
m extends over the entire Tohoku area in Japan so that the 
large-scale flow pattern can be realistically simulated. The 
innermost domain (d05), which has a horizontal resolution 
of 5.6 m, is covered by a flat terrain. All simulations have 
96 vertical levels and the vertical stretching, and the first 
grid point is located approximately 6 m above the ground 
level on average, resulting in an innermost domain aspect 
ratio (horizontal grid size to vertical grid size) consistent 
with previous LES studies.  

In the WRF-LES, we choose a fifth- and a third-order 
differencing schemes for the horizontal and vertical 
advection terms, respectively, while time integration is 
performed using a third-order Runge-Kutta scheme with 
small time steps. The 3-dimensional eddy viscosity 
predicted by the TKE equation for the 1.5 order 
turbulence closure is used to represent subgrid-scale 
diffusion and no PBL scheme is used. On the other hand, 
for the coarse domains (d01 and d02), the isotropic 
turbulence assumption is no longer valid, and thus, the 
YSU planetary boundary layer scheme was activated to 
account for the transport associated with the sub-grid 
mixing processes.  

The evolution of parameters of relevance to the 
surface energy balance and surface water balance such as 
soil moisture, surface skin temperature, and heat fluxes 
are computed during the simulation by the unified Noah 
land-surface model. The chosen longwave and shortwave 
radiation schemes are the Rapid Radiative Transfer Model 
(RRTM) and Dudhia scheme, respectively. Cloud 
microphysics is parameterized using the WSM 6-class 
graupel scheme; essentially, the microphysical scheme 
does not affect the results on the turbulence structures, 
because the event did not accompany with precipitation. 
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Figure 3.  Vertical profiles of streamwise velocity for time 
averaged (a), and r.m.s. (b) values, time averaged potential 
temperature gradient and Reynolds shear stress at the 
centre location of d05. 

The input data is prepared using a modified pre-
processor based on the WRF Pre-processing System 
(WPS) to handle Japanese GPV and geographical datasets 
in our numerical weather forecasting and analysis system 
(Hashimoto and Hirakuchi 2010). Meteorological initial 
and boundary conditions are set to the coarsest domain 
using a mesoscale reanalysis product provided by Japan 
Meteorological Agency. The geographical data for the 
land use and topography are obtained from the Geospatial 
Information Authority of Japan dataset and have 
resolutions of 100 m for the land use and 50 m for 
topography. 

RESULTS 
Figure 2 shows the time-series of fluctuating 

streamwise and vertical velocities normalized with r.m.s 
values and wind direction in the ASL (at z  10 m of the 
centre location in d05). Here, we should stress that the 
sub-grid scale components are firstly set to zero in nesting 
procedures, while grid scale components are interpolated 
in time and space in the simulations. This requires the 
sufficient spin-up time to obtain the steady states. These 
time-series do not show the tendency to increase or 
decrease against time, implying a quasi-steady PBL, and 
also satisfy the criteria for data selection to discuss the 
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Figure 4.  Pre-multiplied energy spectrum of fluctuating 
streamwise velocity at the centre location of d05. 

Figure 5.  Instantaneous streamwise and vertical velocities, 
u and w, in the horizontal plate of d05 (7.5 km  7.5 km) 
at two different height: (a) and (b) are for u at z  10 m 
and  z  150 m (above the ASL); (c) and (d) are for w at z 
 10 m and  z  150 m (above the ASL). 

turbulence structures with the real-site observations 
proposed by Hutchins et al. (2012). 

Figure 3 shows the vertical profiles of streamwise 
velocity for time averaged and r.m.s. values at the centre 
location of d05. The profiles of potential temperature 
gradient and the Reynolds shear stress are also shown in 
the figure. The statistics of velocities are normalized with 
friction velocity, u. The streamwise velocity shows the 
logarithmic profile for the boundary layer beneath z  100 
m, where the vertical velocity and potential temperature 
gradient become almost zero. These profiles indicate that 
the ASL of present simulations has a typical turbulence 
characteristics under near-neutral conditions with the layer  

(a) 

(b) 

(c) 

 (d) 

Figure 6.  Example of time-height contours of streamwise 
(a) and vertical (b) fluctuating velocities, wind shear, (c)
and Reynolds shear stress, (d) at the centre location of d05.

thickness of 102 m, which yield negligibly small buoyant 
effects. Also, the maximum r.m.s. values qualitatively 
agree with observations (Hattori et al. 2010) which give 
the values of 2  3 for streamwise component and 1  2 
for vertical component. This implies that the grid 
resolutions used in the present study is much fine to 
represent turbulence statistics near the ground. Indeed, the 
values of TKE near the ground normalized with the 
friction velocity were about 30 of the values of grid 
scale components. Note that, detailed study of subgrid-
scale modelling and its effects on predicted turbulence 
structures is beyond the scope of this paper. 

Figure 4 depicts pre-multiplied energy spectrum of 
fluctuating streamwise velocity at the centre location of 
d05 with inner flow scaling against the frequency. The 
energy containing range is fully resolved as well as a 
small portion of spectra with -2/3 slope (compensated 
spectrum), corresponding to the discussion on predicted  
turbulence intensities in Fig. 3. The lowest frequency for -
2/3 slope, which agrees well with observations (Drobinski 
et al. 2007) with a plateau in the middle frequency range. 
Also, the spatial scale estimated with frequencies for the 
plateau, corresponds to the very large-scale coherent 
structures, the scale of which is 102 m  103m, reported 
with observations (Hutchins and Marusic 2007). Thus, the 
spectrum in the middle frequency ranges must be related 
to the VLSMs (Hutchins and Marusic 2007) and also the 
impingement of meso-scale vortices on the ASL. 

Figure 5 depicts contour of instantaneous values of 
streamwise and vertical velocities in the horizontal plane 
of d05 (7.5km  7.5km in area) at z  10 m (near the 
ground) and z 150 m (above the logarithmic layer, ASL).  
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Figure 7.  Two point correlations with time delay  
between streamwise and vertical fluctuating velocities, 
Rwu(z, ), (a), and Rww(z, ), (b), at the centre location 
of d05; the probing point for vertical fluctuating velocities 
is  fixed at z  150 m (above the ASL) and the correlations 
are calculated for w  -w’ at probing point; the 
correlations are shown in the relationship between  z and 
U. 

The snapshots at z  10 m present the streaky structures 
with highly elongated regions of uniform streamwise 
momentum. The large-scale features at z  150 m have a 
superimposed footprint in the small-scale structures at z  
10 m, implying the interaction of coherence structures in 
and above the ASL. 

Figure 6 shows the typical example of time evolution 
of vertical profiles of streamwise and vertical fluctuating 
velocities, wind shear and Reynolds shear stress at the 
centre location of d05 for 2 min., which corresponds to 3 
 10 km in length scale with Taylor hypothesis of frozen 
turbulence, which must be applicable for capturing 
VLSMs (Dennis and Nickels 2008). The time evolution 
gives the transition process in the ASL from the 
impingement of high momentum fluids to bursting of low 
momentum fluids. The former motions strengthen the 
wind shear near the ground, whereas the latter motions 
have little dramatic impacts on the shear. Nevertheless, 
the Reynolds shear stress is mainly generated with the 
latter motions. 

Figure 7 shows two point correlations with time delay 
 between streamwise and vertical fluctuating velocities, 
Rwu(z, ) and Rww(z, ) at the centre location of d05. 
To discuss the effects of detached eddies with meso-scale 
vortices, the probing (reference) point for vertical 
fluctuating velocities to calculate the correlation 
coefficients is fixed to z  150 m, which is located above 
the logarithmic layer (ASL). Also the correlations are 
calculated with conditional sampling procedure, i.e., the 
correlation coefficients are calculated for the fluctuating 
velocities under w  w’ at probing point. The correlations 
are shown in the relationship between z and U, 

corresponding to the vertical- and streamwise-directions 
with Taylor hypothesis of frozen turbulence (Dennis and 
Nickels 2008). The distribution of Rwu(z, ) clearly 
shows the impacts of sweep-like motions to the 
streamwise velocity fluctuation near the ground (wall): the 
Rwu(z, ) takes negative values in the logarithmic layer. 
The negative value region has the length of 102 m in the 
streamwise direction, which agree well with the 
characteristics length of VLSMs (Hutchins and Marusic 
2007, Huthincs et al. 2012). On the other hand, the Rww(z, 
) near the ground takes small values (about zero), 
indicating that such sweep events do not essentially 
generate the Reynolds shear stress. 

DISCUSSION AND CONCLUSIONS 
The study here examine the impacts of meso-scale 

vortices above the ASL (logarithmic layer) to a coherence 
structure near the ground under high Re number 
conditions, “very large scale motions” (VLSMs). We 
carried out a large-eddy simulation by using a numerical 
weather prediction model, WRF, for a real near-neutrally 
stratified ASL, and investigated the turbulence 
characteristics in the ASL, especially paying attention to 
the effects of impinging motion of detached eddies with 
meso-scale vortices above the ASL into the near-wall 
(ground) region. 

Firstly, we confirmed the basic characteristics of 
atmospheric turbulence in the ASL, such as time-series of 
fluctuating velocities and vertical profiles of turbulence 
statistics, which correspond to those generally observed in 
the ASL, and the height of the logarithmic layer (ASL) is 
about 102m. Then, we discussed the temporal and spatial 
structures of fluctuating velocity fields through spectrum 
analysis, visualization of flow fields and conditional 
sampling procedures. The pre-multiplied energy spectrum 
of fluctuating streamwise velocity near the ground showed 
a plateau in the middle frequency range with the spatial 
scale of 102m  103 m, which corresponds to VLSMs 
(Hutchins and Marusic 2007). The snapshots of 
instantaneous velocities present a streaky structures with 
highly elongated regions of uniform streamwise 
momentum near the ground (in the ASL) and the large-
scale features above the ASL, which have a superimposed 
footprint in the small-scale structures near the ground. The 
time evolution of vertical profiles of streamwise and 
vertical fluctuating velocities, wind shear and Reynolds 
shear stress and the two point correlations with time delay 
between streamwise and vertical fluctuating velocities 
with the probing (reference) point fixed above the ASL, 
show the impact of impingements of detached eddies to 
the streamwise large-scale fluid motions of fluctuating 
velocities near the ground, e.g., the correlation of Rwu(z, 
) takes negative values in the ASL, the scale of which 
corresponds to that of VLSMs. 

From these results, we found the effects of 
impingement detached eddies with meso-scale vortices on 
the VLSMs in streamwise fluctuating velocities near-wall 
(ground) region, which has a characteristic length of 102 
m  103 m. Also, we implied the coexistence of 
conflicting two mechanism due to top-down and bottom 
up processes with the VLSMs in a real neutral ASL, 
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which is consistent with the existing observations 
(Hutchins et al. 2012, Wang and Zheng 2016). The energy 
spectrum and snapshots of streamwise velocity at different 
heights, including the locations above the ASL suggest the 
impacts of the meso-scale vortices on the VLSMs in the 
ASL.  
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