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Abstract  Using large-eddy simulation, we investigate characteristics of horizontal wind
speed at 100 m above the ground, with surface heat-flux variations that are sinusoidal with
amplitudes of 0, 50, and 200 W m~—2 and wavelengths of 16, 32, and 128 km, and no back-
ground flow. When the amplitude is 200 W m~2, wind speeds induced by the surface-flux
variations on scales of 16 and/or 32 km have multiple temporal oscillations from 0600 to 1800
local standard time. The positive peaks first appear before noon. In contrast, for wind speeds
induced by the 128-km surface heterogeneity, a single oscillation occurs in the late after-
noon, which is much larger than those generated by the 16- and 32-km surface heterogeneity.
In addition, at the oscillation onset the kurtosis of the velocity increment over a distance of
1 km significantly increases, which implies intermittency in the generation of 1-km scale
eddies. The spatially intermittent energy cascade generated by surface heterogeneity scaled
down to 1-km eddies is analogous to the well-known intermittent energy cascade in the
inertial subrange. The kurtosis of the 1-km eddies is much larger with the 128-km surface
heterogeneity than with the 16- and 32-km heterogeneities. Thus we conclude that localized
rapid changes of low-level horizontal wind speed may be caused by significant local surface
heterogeneity on scales between a few tens and a few hundreds of kilometres.

Keywords Diurnal evolution - Energy cascade - Horizontal wind - Large-eddy simulation -
Surface-flux heterogeneity - Temporal oscillation - Velocity increment

1 Introduction

Differential solar heating at the earth’s surface generates horizontal winds on various spa-
tial scales. The sea breeze is a well-known example of a flow that is locally generated by
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uneven surface heating. Similarly, adjacent inland areas that have contrasting surface proper-
ties, such as between irrigated/non-irrigated areas, bare/vegetated surfaces, and urban/rural
regions, can generate sea-breeze-like local flows. Organized mesoscale winds are known by
various names, including the “inland breeze” suggested by Mahrt et al. (1994). In order to
improve the accuracy of wind forecasts, we need to more fully understand the characteristics
of locally-generated mesoscale winds.

Although many characteristics of locally-generated mesoscale winds are known, many
have not been adequately explored. For example, little attention has been paid to whether or
not thermally-induced local winds are in a quasi-stationary state. Letzel and Raasch (2003)
first suggested that thermally-induced mesoscale winds may trigger temporal oscillations in
wind speed based on their large-eddy simulation (LES) experiments. Later, more LES-based
studies (e.g., Esau 2007; Kang and Davis 2008; Wang 2009; Kang 2009) suggested that ther-
mally-induced mesoscale winds may oscillate in time Kang (2009) explained that when the
amplitude of the surface heat-flux variation is high enough to level out the horizontal temper-
ature gradient by horizontal advection, the generated mesoscale winds may undergo a tran-
sition from a quasi-stationary state to a non-stationary state, namely a temporally-oscillating
mode.

Although numerous studies have investigated thermally-induced mesoscale winds, there
have been few studies focusing on temporal oscillation and its associated abrupt wind-speed
change. Analytical studies (e.g., Rotunno 1983; Dalu and Pielke 1993; Wang et al. 1996;
Baldi et al. 2008) have used a linearized equation set that assumes a constant horizontal
wind or have simply ignored advection terms. The linearized equation cannot explore the
non-linear features of locally generated mesoscale winds such as temporal oscillations. Meso-
scale models (MM), which are employed for many weather-related applications, can deal with
non-linear processes. Many researchers have used mesoscale models to investigate charac-
teristics of thermally-induced mesoscale winds as a function of scale and amplitude of the
surface thermal forcing (e.g., Anthes 1984; Chen and Avissar 1994). However, the recent
focus of mesoscale model-based studies has moved to sophisticated simulations with real-
istic surface and atmospheric conditions, and validation of the simulations with integrative
measures such as precipitation (e.g., Holt et al. 2006; Zhang et al. 2009). In addition, meso-
scale model-based studies have a major limitation in investigating detailed structures and
processes in the atmospheric boundary layer (ABL), because the ABL is usually parameter-
ized in a mesoscale model.

Most current ABL parametrizations used in mesoscale models do not consider the impact
of locally-generated mesoscale flows on ABL structures and processes. A better under-
standing of locally-generated mesoscale flows and their influences on turbulence is likely
to contribute to improved performance of numerical weather prediction (NWP) systems.
For example, a better understanding of horizontal winds from the surface up to a few hun-
dred metres may significantly increase the accuracy of wind-power forecasts (e.g., Giebel
2003; Rohrig and Lange 2007).

High spatial and temporal variability is an inherent property of low-level ABL flows
(Lauren et al. 1999, 2001; Béttcher et al. 2003, 2007; Vindel et al. 2008; Muzy et al. 2010).
Particularly in the inertial subrange the energy cascade from the energy injection scale down
to the dissipation scale becomes increasingly intermittent with decreasing eddy size, which
is contrary to Kolmogorov’s original hypothesis (Kolmogorov 1941) that the energy cascade
is a self-similar, successive generation of space-filling eddies (Frisch 1995; Davidson 2004).
The intermittency of wind speeds in the ABL has been studied by using probability density
functions (PDFs) of observed velocity increments (e.g., Bottcher et al. 2003, 2007; Lauren
et al. 2001). Previous studies of the intermittent turbulent energy cascade, however, have not
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been related to the temporal oscillations of thermally-induced mesoscale winds, which are
associated with an energy cascade process from the thermal forcing scale down to smaller
scales (Kang 2009). We hypothesize that some of the spatially-discontinuous, temporally-
abrupt changes in low-level horizontal wind speed are caused by local surface heterogeneity,
particularly the surface thermal forcing on scales between a few tens and a few hundreds of
kilometres.

Previous studies presenting temporal oscillations of thermally-induced horizontal flows
used temporally invariant, single-scale surface heterogeneity (e.g., Letzel and Raasch 2003;
Esau 2007; Kang and Davis 2008; Wang 2009; Kang 2009). Thus, the first goal of our study
is to identify whether oscillations occur in thermally-induced horizontal winds under the fol-
lowing realistic conditions: (1) a diurnal cycle of surface heat-flux variation, (2) horizontal
variations in surface heat flux at multiple scales, and (3) imposing the Coriolis force. In ana-
lyzing simulation results, however, we focus on the effects of the first two realistic conditions.
Assuming that thermally-induced mesoscale flows still temporally oscillate under realistic
conditions, the second goal is to investigate the wind-speed oscillations from the aspect of
an analogy with the intermittent turbulent energy cascade in the inertial subrange.

Section 2 introduces the numerical experiments, while Sect. 3 provides results that focus
on horizontal winds at 100 m above ground level. Section 4 summarizes and concludes the
study.

2 Numerical Experiments
2.1 Model Description and Set-Up

We use the compressible and non-hydrostatic numerical model of Bryan and Fritsch (2002)
to investigate ABL structures and processes over heterogeneous land surfaces (e.g., Kang and
Davis 2008; Wang 2009; Kang 2009; Kang and Bryan 2011). The model integrates the filtered
compressible Navier—Stokes equations using third-order Runge—Kutta time differencing and
fifth-order spatial derivatives. This was found to be the most accurate finite-difference solu-
tion for simulating a highly non-linear flow by Wicker and Skamarock (2002). We use a
fifth-order spatial derivative that has an inherent numerical dissipation, which makes the
addition of explicit diffusion unnecessary (Bryan et al. 2003).

The model domain is 128 km in the x direction and 8 km in the y direction, with the
horizontal grid spacing 100 m, and the vertical grid spacing 25 m. In both horizontal direc-
tions, the lateral boundary conditions are periodic. At the initial time, random perturbations
of 0.1 K that initiate development of three-dimensional turbulence are superimposed on the
potential temperature at the lowest atmospheric level. The upper boundary is a flat, rigid wall
with a Rayleigh damping layer (Durran and Klemp 1983) occupying the first 1 km beneath
the model top of 3.5 km, while the lower boundary is also a flat, rigid surface. The surface
momentum flux is derived from a simple surface-drag parametrization (Stull 1988), and for
a subfilter-scale (SFS) turbulence parametrization, we employ the turbulent kinetic energy
scheme of Deardorff (1980). Due to the absence of appropriate observations, we used our
numerical model to simulate the sheared convective boundary layer (CBL) over a uniform
surface with the same experimental conditions used by Fedorovich et al. (2004). The results
are insignificantly different from those of Fedorovich et al. (2004).

Vertical soundings of potential temperature and water vapour mixing ratio are obtained
from the rawinsonde released at the Homestead site, USA (36.55°N, 100.6°W) at about 0750
local standard time (LST) on 25 May 2002 during the International H20 Project (IHOP_2002;
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Weckwerth et al. 2004). Following Findell and Eltahir (2003), the morning sounding has the
convective triggering potential index (CTP) of 131Jkg™! and a low-level humidity index
(HI low) of 29 K, which is too dry for moist convection to develop. The dry sounding is
purposely selected to exclude the effect of moist processes on the numerical experiments.

2.2 Surface Heat-Flux Variation

We prescribe the surface heat-flux variation in the x direction to be idealized sinusoids with
amplitudes Ar; and Ay, and wavelengths Ap; and App,

. 27 . 27 . 27
Fse(x) = | (Fste) + Aprsin{ —x )| + Appsin{ —x ) ) sin{ —¢ ), D
AFI1 AR2 Ty

where x = x” + 64 km and x’ ranges from —64 to 64 km. In (1), Ap; = 128 km and Ay = 32
or 16 km. Equation 1 assumes that a smaller-scale surface heterogeneity is superimposed
on larger-scale surface heterogeneity: here, obviously, the smaller scale is 32 or 16 km and
the larger scale is 128 km. The amplitudes Ar; and Ap; are either 0, 0.0406 K m s~! (about
50W m—2)! or 0.1625K m s~! (about 200 W m~2). The selection of the two amplitudes
allows surface-heterogeneity-induced horizontal flows that are in quasi-stationary and non-
stationary states. Surface heat-flux variations with an amplitude smaller than 100 W m~2
generate horizontal flows that are in a quasi-stationary state, while variations with an ampli-
tude greater than 100 W m~2 generates non-stationary horizontal flows. In Eq. 1, (F)
represents a domain average of the surface heat flux Fr.. Here, (Fyi.) = 0.2924 K m g1
(about 360 W m~2) or 0.3250 K m s~ ! (about 400 W m~2), and Ty is the length of day (= 24
h). The domain-averaged heat flux 0.2924 K m s~! derives from an observed average over a
65-km aircraft track between 1103 and 1320 LST on 19 May 2002 during IHOP_2002 (for
details, see Kang et al. 2007). The time ¢ is in the range 0 < ¢t < 12, where ¢ = 0 is sunrise
(hereafter referred to as 0600 LST) and r = 12 is sunset (hereafter 1800 LST). The diurnal
cycle of surface heat-flux variations is shown in Fig. 1. The amplitudes of the surface heat-
flux variation have a minimum of zero at 0600 LST, then sinusoidally increase to a maximum
value of 50 or 200 W m~2 at midday, and then sinusoidally decreasing to a minimum value
of zero at 1800 LST. The amplitudes and wavelengths of the surface heat-flux variations used
here are summarized in Table 1.

The amplitudes and wavelengths in Eq. 1 are used to label the numerical experiments. For
example, A200L128 is the case with an amplitude of 0.1625 K m s~! (about 200 W m~2) and
a wavelength of 128 km. For the two-wavelength cases, the wavelength of 128 km is omitted
in the nomenclature. For example, AOS0A200L016 is the case where the surface heat-flux
variation of A200L016 is superimposed on that of AO50L128. The cases with Ap; = 0 or
Apy = 01in Eq. 1 are referred to as single-scale cases and those with Ag; # 0 and Apy # 0
as multi-scale cases.

The two cases A200A200L032 and A200A200L016 have a maximum surface-flux differ-
ence of 800 W m~2, obtained from smaller-scale (16-km scale or 32-km scale) surface-flux
heterogeneity with a maximum difference of 400 W m~2 imposed on a 128-km scale surface
heterogeneity that has a maximum difference of 400 W m~2. This is large compared with
THOP_2002 observations. Kang and Davis (2008) estimated the mean and maximum values
of the monotonically varying surface heat-flux difference between surface flux sites separated
by about 20 km along an IHOP_2002 aircraft track between 1100 and 1400 LST for four

! Here, kinematic heat flux is converted to sensible heat flux by the product pCp=1.231 x 103
W m—2 (Km 571 )_1 (Stull 1988), where p is air density and Cp is the specific heat of air at constant pressure.
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days. They found a mean difference of 58 W m~2 and a maximum difference of 105 W m~2.
Although a difference of 800 W m~2 is somewhat extreme, many previous numerical studies
have prescribed a surface-flux difference of 150-500 W m~2 on various scales from a few
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Table 1 Parameters characterizing the set of all cases

Case (Fse) Kms™)  App Kms™)  apkm)  App Kms™h  app (km)
A000L000 0.2924 0 0 0 0
A200L128 0.2924 0.1625 128 0 0
AO050L128 0.2924 0.0406 128 0 0
A200L032 0.2924 0 0 0.1625 32
A050L032 0.2924 0 0 0.0406 32
A200L016 0.2924 0 0 0.1625 16
A050L016 0.2924 0 0 0.0406 16
A200A200L032 0.3250 0.1625 128 0.1625 32
A200A200L016 0.3250 0.1625 128 0.1625 16
A200A050L032 0.2924 0.1625 128 0.0406 32
A200A050L016 0.2924 0.1625 128 0.0406 16
A050A200L032 0.2924 0.0406 128 0.1625 32
A050A200L016 0.2924 0.0406 128 0.1625 16
A050A050L032 0.2924 0.0406 128 0.0406 32
A050A050L016 0.2924 0.0406 128 0.0406 16

Ap] and App represent the amplitudes of the surface heat-flux variation (1). Ap; and Ay represents the
wavelengths of the surface heat-flux variation. (Fgg.) represents a domain average of the surface heat-flux
variation

kilometres to a few hundred kilometres (e.g., Chen and Avissar 1994; Shen and Leclerc 1995;
Avissar and Schmidt 1998; Raasch and Harbusch 2001; Weaver and Avissar 2001; Letzel
and Raasch 2003; Hidalgo et al. 2010; Liu et al. 2011). In addition, there have now been
observations of surface flux differences of 250-300 W m~2 on scales smaller than a few
hundred kilometre. For example, Hidalgo et al. (2008) observed afternoon surface sensible
heat fluxes over the city of Toulouse, France that were 250 W m~2 higher than those over
the nearby countryside. Inoue et al. (2005) observed the surface sensible heat flux over open
water on scales of a few kilometres to be about 300 W m~2, while the heat flux from the
surrounding ice was about zero. Courault et al. (2005) observed surface heat-flux differences
up to 250 W m~2, with the highest values of 370 W m~2 for dry fields and the lowest of
120 W m~2 for the irrigated wheat. Davis et al. (2008) observed a surface heat-flux differ-
ence of 250 W m~2 on scales of a few kilometres within an urban area. Thus, considering that
the surface-flux difference is smaller than 400 W m~2 on scales smaller than a few hundred
kilometres, the prescribed surface heterogeneity is completely unrealistic. In addition, the
purpose of this study is not to simulate real-case situations but to understand mechanisms
and processes of temporally-oscillating mesoscale circulations induced by a high-amplitude
surface heat-flux heterogeneity.

3 Results
3.1 Surface-Heterogeneity-Induced Horizontal Winds

Our simulations of daytime ABL flows induced by thermal surface heterogeneity over flat
terrain with zero background flow focus on the horizontal wind component u, which is
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Fig.2 Simulated # wind component, which is parallel to the direction of the prescribed surface heterogeneity,
at 100-m height at 1700 LST for cases a A200L128 and b A200A200L032. For each case, the time series of
u at the 12 specified locations marked with the symbols of filled circles in (a) and (b) are plotted in ¢ for case
A200L128 and d for case A200A200L032. The thick black line is a spatial average of u over the 12 sites

parallel to the direction of the surface heat-flux variation (1), at a height of 100 m above
ground. Figure 2a, b present examples of # at 1700 LST, which are induced by the surface
heterogeneity of A200L128 and A200A200L032, respectively. Also Fig. 2¢, d present the
time series of u at the 12 locations marked in Fig. 2a, b and the averages of u over the 12
locations. These examples demonstrate that characteristics of the induced horizontal flow
can be significantly different depending on the surface heterogeneity, not only from the per-
spective of mesoscale fluctuations but also of the turbulence that is generated. Thus we study
the surface-heterogeneity-induced horizontal flows from both perspectives.

First, we investigate characteristics of the induced horizontal flows from the perspective
of the whole domain. Figure 3 shows the time evolution of the characteristic horizontal wind
speed (u?)Y2, where () denotes a domain average. It is obvious that the induced horizontal
winds are temporally fluctuating when Ag; = 200W m~2 or Ag; = 200W m~2 in Eq. 1.
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These results are consistent with previous studies (e.g., Letzel and Raasch 2003; Kang and
Davis 2008; Kang 2009) that use temporally invariant, single-scale surface heterogeneity
without the Coriolis force. However in this study we observe temporal oscillations in the
low-level horizontal wind speeds that are induced by the diurnal cycle of surface heat flux,
multiscale surface heterogeneity, and the Coriolis force.

In Fig. 3a, with smaller-scale surface heterogeneity, the oscillation onset of (u?)!/? is ear-
lier, but its oscillation amplitude is smaller. For case A200L016 (solid red line), which has the
shortest surface heterogeneity wavelength of 16 km, the oscillation onset occurs at 0900 LST,
which is two hours earlier than for case A200L032 (solid blue line), which has a wavelength
of 32 km, and eight hours earlier than for case A200L128 (solid black line), which has the
longest wavelength of 128 km. For case A200L032 (solid blue line) the second oscillation
onset occurs at 1400 LST. The oscillation periodicity is about three hours. However, for case
A200LO016 (solid red line) the second oscillation onset is less obvious compared with that
for case A200L032 (solid blue line), due to a smaller oscillation amplitude.

For case A200L128 (solid black line in Fig. 3a), the oscillation is much more obvious
than in the smaller-scale surface variation cases (A200L016 and A200L032) due to its larger
amplitude. However the temporal oscillation is not fully realized because its periodicity is
longer than the daytime diurnal cycle of 12 h. In other words, for case A200L128, the sec-
ond ramp of (¥?)'/2 might occur if the surface were heated for much longer than a 24-h
diurnal cycle. This result implies that it is unlikely that the horizontal flows induced by the
surface heterogeneity on a scale somewhat larger than a few hundred kilometres are tempo-
rally fluctuating within a diurnal cycle. In other words, the horizontal flows induced by the
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surface heterogeneity on a scale of several hundreds of kilometres or larger would be in a
quasi-stationary mode.

Figure 3b presents the time evolutions of (12)1/2 for the multi-scale surface variation cases.
Basically the multi-scale case with Ap; and Ap> in Eq. 1 follows the single-scale case with
Ap2 (Ap2 = 32 or 16 km) earlier and then the single-scale case with Agy (Ar; = 128 km) later.
For example, for all the multi-scale cases with Ar; = 200 W m—?2 (solid lines in Fig. 3b), the
oscillation onset occurs at 1700 LST in (12) /2, which is associated with the surface heteroge-
neity on a scale of Ap; = 128 km. For the cases with Ay, = 50 W m~2 (A200A050L032: solid
blue line, and A200A050L016: solid green line in Fig. 3b), (ut)l/2 steadily increases before
the peak at 1700 LST. In contrast, for the cases with Apy = 200 W m—2 (A200A200L032:
solid black line, and A200A200L016: solid red line in Fig. 3b), (1%)'/2 experiences oscilla-
tion onsets between 0900 and 1400 LST, which are associated with the smaller-scale surface
variations of 16 or 32 km. Thus it appears that the horizontal wind features induced by the
two single-scale surface variations that make up the multi-scale surface variation remain in
the horizontal winds induced by the multi-scale variation.

However, the time evolution of (12)!/2 for a multi-scale case with Ap; and Ap, is not
simply a linear combination of the two single-scale cases with Ar; and App. For example
in Fig. 3, the second peak of (1%)!/? is obvious at 1400 LST for case A200L032 (solid blue
line in Fig. 3a). For case A200A200L032 (solid black line in Fig. 3b), however, the second
peak is inconspicuous, which is a result of non-linear interaction between large-scale and
small-scale fluctuations.

3.2 Spectral Analysis

Using spectra we examine the oscillations of wind speed in terms of the energy cascade
from surface heterogeneity mesoscales to smaller scales. The one-dimensional u spectrum
F, (k1) is obtained by integrating the two-dimensional spectral density v, (1, k2) along the
k7 direction:

Fu (K1)=/% (K1, k2)dk2, ()

where «; (i = 1, 2) is defined as the wavenumber in the x; direction. The x; (or x) direc-
tion is along the surface heterogeneity axis and the x; (or y) direction is orthogonal to the
heterogeneity.

Figure 4 compares the u spectra from A200L032 (Fig. 4a) and A050L032 (Fig. 4b). For
case A200L032, the spectra between 0900 and 1100 LST exhibit spectral density peaks at
wavelengths smaller than the surface forcing scale of 32 km. In contrast, for case AO50L032,
(u*)1/? steadily increases without any oscillation onset until the end of the daytime section
of the diurnal cycle at 1800 LST (dashed blue line in Fig. 3a). In Fig. 4b, the spectra from
AO050L032 at the same period of 0900-1100 LST do not have a significant peak between the
surface-variation scale of 32 km and the turbulence scale.

Similarly for case A200L128 (Fig. 5a), the absence of any clear spectral gap between
the two spectral density peaks at the 128-km surface-heterogeneity scale and the turbulence
scale indicates a cascade of spectral energy from the heterogeneity scale to smaller scales
between 1600 and 1800 LST. However, for case A0O5S0L128 (Fig. 5b), a clear spectral gap
between the surface-variation scale of 128 km and turbulence scale remains throughout the
daytime diurnal cycle, which indicates no energy cascade from the 128-km heterogeneity
scale to smaller scales.
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Fig. 4 One-dimensional spectra
of u at the height of 100 m at
times of 0900, 1000, 1100 LST
for cases a A200L032 and b
AO050L032. A short thick line
corresponds to a x ~/3 spectrum

Fig. 5 One-dimensional spectra
of u at the height of 100 m at
times of 1600, 1700, 1800 LST
for cases a A200L128 and b
AO050L128. A short thick line
corresponds to a k33 spectrum
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For a multi-scale case, the energy cascade from the heterogeneity scales to smaller scales
occurs at multiple times. For case A200A200L32 (solid black line in Fig. 3b), the time
evolution of (12)!/2 shows a peak at 1100 LST but a flattening at 1700 LST. Figure 6 shows
uspectra at 1100 LST and 1700 LST from A200A200L32 (solid lines), and for comparison,
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Fig. 6 One-dimensional spectra (a)
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Fig. 6 also shows the spectra from the cases with two single-scale surface heterogeneities
that make up the multi-scale surface heterogeneity of A200A200L032. For case A200L032
the wind-speed oscillation onset occurs at 1100 LST (solid blue line in Fig. 3a). At this
time, there is no clear spectral gap between the surface-heterogeneity scale and turbulence
scale (dotted line in Fig. 6a). However, for case A200L128 a spectral gap still exists (dashed
line in Fig. 6a). The spectrum from the multi-scale case looks more like the spectrum from
A200L032 rather than from A200L128 (solid line in Fig. 6a). However, at 1700 LST, the
spectrum from case A200A200L032 follows the spectrum from A200L128 in which an
oscillation onset occurs (Fig. 6b). In other words, the multi-scale case (A200A200L032)
with Ap; = App = 200W m~2 in Eq. 1 initially follows A200L032 with Ar; = 0 and
Apy = 200W m~2 and later A200L128 with Ap; = 200W m~2 and App = 0. After the
oscillation onset at 1700 LST, however, if the multi-scale case A200A200L032 were to sim-
ply follow the single-scale case A200L128, (u?)!/? should decrease, as shown in Fig. 3a
(solid black line). The flattening of (u%)1/2 at 1700 LST (solid black line in Fig. 3b) is likely
results from non-linear interactions between eddies cascading from the 128-km surface-het-
erogeneity scale and eddies associated with the 32-km surface-heterogeneity scale.

3.3 Scale Decomposition in Wavenumber Space

In the previous section, we identified energy cascades in the (1?)!/% spectra. Here, we decom-
pose u into different scale components by using a wave cut-off filter to investigate the energy
cascade processes. This filter has been used for scale decomposition in many previous studies
(e.g. Moeng and Wyngaard 1988; Wyngaard et al. 1998; Kimmel et al. 2002; Kang 2009).
Particularly in our study, given the sinusoidal shape of the surface heat-flux variation and
the periodic lateral boundary conditions of large-eddy simulation, the Fourier spectral wave
cut-off filter is an appropriate tool to analyze multi-scale features of u at 100 m above ground.
To apply the filter, the u field is first decomposed into Fourier modes,

w(x) =D dg e, 3)
K1
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and the low-pass filter passes Fourier components of wavenumbers smaller than the cut-off
wavenumber K and rejects those of wavenumbers larger than K. Thus the low-pass filtered”
horizontal wind is

”I<< (x) = Z ﬁxleiklx' “

k1<K

The complementary high-pass filter passes Fourier components of wavenumbers larger than
K and rejects those smaller than K, i.e.,

ug (x) = Z ﬁKlei’(‘x, %)

K1>K

The band-pass filter passes wavenumbers within a certain range of K’ < x; < K, and rejects
wavenumbers outside that range:

K1<K

ugr (0 = (up @) g = D dge™™, (6)

K1>K'’

Figure 7 presents time evolutions of low-pass filtered # with A; > 32 km, and band-pass filters
of §km < A1 <32km, and 2 km < A; < 8 km (where )| is wavelength and A = 27 /k1)
for cases A200A200L032 and A200L032, which are averaged along the y direction. In other
words, for example, Fig. 7a shows u fluctuations that have wavelengths larger than 32 km, and
Fig. 7b presents u fluctuations with wavelengths larger than 8 km and smaller than or equal
to 32 km. Figure 7 demonstrates that, as scale decreases, the energy cascade becomes more
discontinuous in space. On scales larger than 32 km, the convergence and divergence pattern
is space-filling (Fig. 7a, b), but for smaller eddy scales the convergence and divergence pat-
terns are discontinuous and less space filling (Fig. 7c—f). In the original Kolmogorov theory
(Kolmogorov 1941), the energy cascade from the scale at which energy is introduced to the
scale at which energy is dissipated is continuous and space filling at each step. However,
many investigators including Kolmogorov himself later acknowledged that, as the energy
cascade continues, the eddies become less and less space filling, with strong spatial gradients
developing in conjuction with intermittent discontinuities, and thus the distribution becomes
flatter than a Gaussian distribution (Frisch 1995; Davidson 2004).

The energy cascade that becomes less space filling on a scale smaller than 32 km is
associated with interaction between eddies associated with the 128- and the 32-km surface
heterogeneities. For example, large-scale circulations induced by the 128-km surface hetero-
geneity may produce subsidence and a strong capping inversion over that part of the surface
that has heat fluxes smaller than the domain average, which is between x =0 and 64 km.
The subsidence reduces the intensity of small-scale circulations induced by the 32-km sur-
face variation over the low surface heat-flux area. In order to further study the non-linear
interaction between atmospheric fluctuations caused by large-scale and small-scale surface
variations, the contributions of different scale fluctuations to (¥%)1/2 are investigated for
the two single-scale cases of A200L128 and A200L032 as well as for the multi-scale case
of A200A200L032, The surface heterogeneity of A200A200L032 is composed of the two
surface heterogeneities of A200A128 and A200L032 (Fig. 1).

2 Inthis study, we follow the notation used in Frisch (1995) for the low-pass, high-pass, and band-pass filtered
horizontal winds.
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Fig.7 Time evolution of u filtered with the low-pass of a A > 32 km, and the band-pass of ¢ 8 km < 1 < 32
km, and e 2 km < A < 8 km for case A200A200L032. Time evolution of u filtered with the low-pass of b
A > 32 km, and the band-pass of d 8 km < A < 32 km, and f 2 km < A < 8 km for case A200L128. The
filtered u fields are averaged along the y direction. The unit of the colour scales is m s
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Herein, in order to measure the relative contribution of wind-speed fluctuations at each scale,
to total fluctuations on all the scales, we define a ratio of spectral density in each wavenumber
band to total power spectral density, viz.

‘Kn+1| e¢}
Ry () = / Fu (Kl)dKl/ Fy (k1)dky, ®)
[Kn| —00

where K, = 2w /L, and L, = 27" Ap. Here, AF is the largest surface-heterogeneity wave-
length for each case and n = 0, 1,2, ..., N(= log, Ar). In other words, the smallest cut-
off wavenumber Ky is a function of the largest surface forcing scale. For example, Ky =
2 (128 km)_] for case A200A200L032 but Ky = 27 (32 km)_] for case A200L32 because
the largest forcing scale is 128 km for A200A200L032, but 32 km for A200L032. Then
K| =27 (64km)~! for A200A200L032 but K| = 27 (16km)~! for A200L032.

Figure 8 presents the time evolution of the relative variance contribution ratios for the two
single-scale cases A200L128 and A200L032, and for the multi-scale case A200A200L032.
For the two single-scale cases (Fig. 8a, b), the variance contribution (Rg) from the fluc-
tuations on the scale of the surface heterogeneity itself steadily grows until reaching the
oscillation onset of wind speed, and then becomes dominant. Around the peak of the tem-
poral fluctuation, the contribution (R;) from the fluctuations over the wavelength interval
Ly (=27"Af) < & < Lo (= Ap) significantly increases. The increased R; implies that
spectral energy cascades down to wavelengths smaller than the heterogeneity scale itself.
The downscale energy cascade extends down to a certain smaller wavelength, as shown with
the increased R, and R3 around the oscillation onset. As scale decreases further down to
the turbulence scale, however, time evolution of R, becomes negatively correlated to that
of Rp; that is, increased mesoscale wind-speed fluctuations reduce wind fluctuations on the
turbulence scale.

In order to identify at which scale the correlation relationship between Ry and R, under-
goes transition from positive to negative, we compute the correlation coefficients between
the temporal evolution of Ry and R, p (Ry, R,), which is shown in Table 2. For a scale
smaller than 2 km, R, is highly negatively correlated with Ry. Turbulence is controlled
through stability modified by the surface-heterogeneity-induced mesoscale flows. Kang and
Davis (2008), who used a similar numerical set-up, found that cold air advection in the lower
ABL and warm advection in the upper ABL that are associated with induced mesoscale
flows create a slight stable stratification from the domain-averaged perspective. The effec-
tive resolution of the Bryan and Fritsch (2002) model is 6A, where A is the grid spacing
(Bryan et al. 2003). The horizontal grid spacing is 100 m, and on a scale smaller than the
effective resolution of 600 m the negative correlation coefficient between temporal evolutions
of Ro and R, p (Ry, R,), may be associated with numerical dissipation. However, negative
p (Ro, R,) on a scale somewhat larger than the effective resolution of 600 m is associated
with turbulence reduction, due to increased stability, by induced mesoscale flows.

In Fig. 8c, the multi-scale case of A200A200L032 has two forcing scales: Lo (=128
km) and L, (=32 km). Before 1200 LST, the contribution to variance from the scale L, is
dominant. However, after 1200 LST, the contribution of the scale Lg rapidly increases and
becomes dominant. Furthermore, the temporal evolution of the ratio R, that is associated
with the second forcing scale L, (= 32 km) is poorly correlated with that of the ratio R3
that is associated with the scale one wavelength smaller than the forcing scale (16 km). The
correlation coefficient p (Rg, R1) is significantly positive for all the multi-scale cases, which
is also true for all the single-scale cases (Tables 2, 3). Unlike p (R, R1), the correlation
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Fig. 8 Time evolutions of the
relative contributions of the
components of (8) to (u2>1/ 2 for
cases a A200L128, b A200L032,
and ¢ A200A200L032. As shown
in the colour bar on the right,
each colour represents the
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coefficient between the temporal evolution of the ratio R, (or R3) at the second forcing scale
of 32 km (or 16 km), and the ratio R3 (or R4) at the scale one wavelength smaller than the
second forcing scale is insignificant, as shown in Table 4. The poor correlations are associ-
ated with non-linear interactions between the eddies on the first and second forcing scales.
In other words, the multi-scale forcing case creates a different environment for the atmo-
spheric flows generated by the small-scale forcing, which needs to be further explored in
detail in future work with more realistic surface and atmospheric conditions for practical
applications of these results.

For the multi-scale surface heterogeneity, when the large-scale surface heterogeneity is
strong (e.g., A200A200L032), turbulence is primarily controlled by atmospheric fluctuations
associated with the large-scale surface forcing. In contrast, when the large-scale surface heter-
ogeneity is weak (e.g., AOSOA200L032), turbulence is controlled by atmospheric fluctuations
that are associated with small-scale surface forcing.

In Tables 3 and 4, when the amplitude of the 128-km surface heat-flux variation is
200 W m~2, the ratios that are associated with 2 km or smaller scales (R7 and Rg) have
significant negative correlations with Ry, the ratio associated with 128 km. However, when
the amplitude of the 128-km surface heat-flux variation is 50 W m~2, R7 and Rg have sig-
nificant negative correlations with R, (or R3), the ratio associated with the second forcing
scale of 32 km (or 16 km).
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Table 3 Correlation coefficients between Ry and R, for the single-scale cases

Case p(Rg, Ry), where the R, is associated with the spectral density in the scale range of
128 64 32 16 8 4 2 1 <1
A200A200L032 1 095 —0.52 0.47 026 —0.41 -0.74 -0.70 —0.51
A200A200L016 1 0.94 0.86  —0.70 006 044 —0.71 —-0.67 —043
A200A050L032 1 0.89 0.12 0.60 033 —-044 -0.70 —-0.89 —-0.76
A200A050L016 1 0.89 0.84 —0.39 008 —-045 —-0.73 —-090 —-0.71
A050A200L032 1 0.85 0.15 0.85 078 —0.14 —-047 044 —-0.32
A050A200L016 1 0.97 0.71 —0.32 0.91 0.60 —-0.07 —-0.26 —0.21
A050A050L032 1 0.83 0.50 0.97 0.71 -024 —-0.62 —-0.66 —0.46
A050A050L016 1 0.96 0.61 —0.05 0.87 043 -036 —-052 —035

The ratios, Ry and R, are defined in Sect. 3.3

Table 4 Correlation coefficients between R, and R, for the surface heterogeneity that includes the 32-km
surface forcing, and between R3 and R, for the heterogeneity that includes the 16-km surface forcing

Case p(Ry0rR3, R;), where the Ry, is associated with the spectral density in the scale range of
A>128 126>1>64 32 16 8 4 2 1 <l
A200A200L032 —0.52 —0.63 1.00  0.02 0.28 036 028 —-0.05 -0.40
A200A200L016 —0.70 —0.74 —-0.63  1.00 0.09 0.57 0.44 0.10 —0.28
A200A050L032 0.12 —0.03 1.00  0.12 0.14 —-032 -035 -0.09 -0.54
A200A050L016 —0.39 —0.53 —0.45 1.00 0.32 0.67 0.74 0.38 —0.26
A050A200L032 0.15 —0.09 1.00  0.44 0.53 —-0.12 -0.55 —-0.78 —0.93
A050A200L016 —0.32 —0.36 —-0.24 1.00 —-0.04 025 -033 —-0.64 —0.83
A050A050L032 0.50 0.25 1.00  0.63 0.85 0.39 —-0.33 —-0.80 -—0.84
A050A050L016 —0.05 —0.14 026  1.00 0.29 0.69 0.31 —-0.55 —-0.82

The ratio R, is defined in Sect. 3.3
3.4 Distribution of Velocity Increments

In order to investigate the velocities of turbulent eddies on a scale / over the single- and
multi-scale surface heterogeneity, we use velocity increments over a distance /:

Suy=ux+10) —ulxx), )

where the distance [ is chosen to be 1 km, which is close to the scale at which the turbulent
spectral density peaks in the spectra shown in Figs. 4, 5, and 6. Based on Bryan et al. (2003),
given Ax = 100 m, the effective resolution is about 600 m, so that 1-km eddies are explicitly
resolved here. Figure 9 presents the probability density functions (PDF) of §u; /o, p (6u;/0),
at 0800, 1100, 1700 LST, where o is the standard deviation of the velocity increment at each
time. As shown in Fig. 9, p (§u; /o) for the horizontally homogeneous CBL (AOO0OL000) is
approximately Gaussian at each time. However, for case A200A200L032 the PDF at 0800
LST remains Gaussian, but the PDFs at 1100 and 1700 LST are strongly non-Gaussian, and
have exponential tails resulting in negative skewness and large kurtosis.

The 1-km eddies are not in the turbulence inertial range between the integral scale (the
scale that characterizes the energy-containing eddies; Lenschow and Stankov 1986) and
the Kolmogorov scale (the scale that characterizes the onset of the dissipation-scale eddies).
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Fig.9 Probability density function (PDF) of the velocity increment (Su;) that is normalized with the standard
deviation of u at each time (o). The distance / for the velocity increment is chosen to be 1 km. The normalized
PDFs are obtained at 0800 LST (a and b), 1100 LST (¢ and d), and 1700 LST (e and f) for cases AOOOL00O (a,
¢, and e) and A2000A200L032 (b, d, and f). The solid lines come from the Gaussian distribution assumption
and the symbols come from LES results

However, these eddies are much smaller than the surface forcing scales, and transfer of energy
from the forcing scales to smaller scales lying between the integral and dissipation scales
is to be expected. For the choice for /, and scale of surface heterogeneity, it is unlikely that
1-km eddies are homogeneous and isotropic. However, the negative skewness is analogous
to the well-known negative skewness of homogeneous and isotropic turbulence in the inertial
range.

In the simplest case, Kolmogorov’s four-fifths law (Kolmogorov 1941) states that, for
homogeneous and isotropic turbulence in the inertial range,

(8u) = —(4/5)el, (10)

where ¢ is the eddy dissipation, equal to the flux of energy across the scale / (Frisch 1995;
Davidson 2004). Thus, the negative skewness of the velocity increment ((81413) / (8”12)3/ 7 < 0)

@ Springer



Effects of Mesoscale Surface Thermal Heterogeneity
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indicates a positive transfer of energy to smaller scales (¢ > 0). Kolmogorov’s four-fifths law
derives from the Karman—Howarth theorem for isotropic and homogeneous turbulence, which
gives an exact relation between third-order moments of the velocity, forcing, dissipation, and
energy flux across scales. It was generalized to the Navier—Stokes equation in homogeneous
but anisotropic cases by Monin and Yaglom (1975), and also to inhomogeneous flows as, for
example, in the presence of stratification. In this context it is important to note that negative
skewness associated with an energy flux to smaller scales (e.g., because of vortex stretching)
in a scale range of cascade processes (e.g., Lindborg 1999; Gotoh 2001; Vindel et al. 2008)
results from these exact laws, and is independent of Kolmogorov’s original assumption of
self-similarity that does not apply to intermittent turbulence (Frisch 1995; Davidson 2004)
as studied here.

In order to quantify negative skewness increases at the temporal fluctuation onsets, we plot
the time evolution of the skewness of the normalized velocity increment in Fig. 10a for the
single-scale cases and in Fig. 10b for the multi-scale cases. In Fig. 10a, for the low-amplitude
surface variation cases in which oscillations of wind speed are absent, the negative skewness
steadily grows with time. However, for the high-amplitude surface variation cases, the neg-
ative skewness suddenly increases at the oscillation onset. This result is consistent with the
suggestion of Kang (2009) that at the peak of the temporal fluctuation, energy cascades occur,
which we previously confirmed with the spectral analysis shown in Figs. 4, 5, and 6. For the
multi-scale cases with high-amplitude surface heterogeneities both on large and small scales
(A200A200L32 and A200A200L16 in Fig. 10b), multiple sudden increases of the negative
skewness occur.
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Compared with the multi-scale surface heterogeneity cases with low-amplitude surface
heterogeneity on a large scale (AO50A200L32: dotted black line, and AOSOA200L16: dot-
ted red line in Fig. 10b), the cases with high-amplitude surface heterogeneity on a small
scale (A200A200L32: solid black line, and A200A200L16: solid red line in Fig. 10b) show
smaller negative skewness between the first peak of the temporal fluctuation (0900 LST or
1100 LST) and 1600 LST. The smaller negative skewness is likely associated with a weaker
energy cascade. When mesoscale flows are generated by high-amplitude surface heteroge-
neity, turbulence is reduced due to significant modulation of stability by lower-level cold
advection and upper-level warm advection (Kang and Davis 2008), which we confirmed
with the correlation coefficients presented in Tables 2, 3, and 4. Thus, after the first oscilla-
tion onset, the horizontal flows generated by high-amplitude surface heterogeneity on a large
scale control overall stability and more strongly reduce turbulence compared with the cases
with low-amplitude surface heterogeneity on a large scale.

Near the energy injection scale, a Gaussian PDF of the normalized velocity increment
is often observed. Although such PDFs can be explained by the original Kolmogorov the-
ory (Kolmogorov 1941), later studies suggested that, as the energy cascade continues, eddies
become decreasingly space filling (Frisch 1995; Davidson 2004). In other words, for a separa-
tion distance close to the energy injection scale, the PDF of the normalized velocity increment
approaches a Gaussian. But, as the eddy scale diminishes, the PDFs generate stretched expo-
nential tails (i.e. a larger kurtosis) as a result of an intermittent energy cascade (Frisch 1995;
Davidson 2004), which is characterized by the appearance of many sharp peaks in the space
or time series. Also, the intermittent cascade model associated with a large kurtosis of the
velocity-increment PDF has been applied to eddy scales in the ABL much larger than the
integral scale of the turbulence (e.g., Lauren et al. 2001; Davidson 2004; Muzy et al. 2010).

We also plot the time evolution of the kurtosis® of the velocity increment PDF in Fig. 11a
for the single-scale cases and in Fig. 11b for the multi-scale cases. Given that the kurtosis of
the velocity increment PDF is associated with intermittency of the turbulence, the increase
of the kurtosis at the fluctuation onsets can be interpreted as an increase in intermittency.
Figure 11a shows that, at the fluctuation onsets for the single-scale cases, the kurtosis sud-
denly increases. In particular, for the cases with high-amplitude surface variation on the large
scale of 128 km (solid black line in Fig. 11a), the intermittency increase is very sudden. This
sudden rise is also obvious in the multi-scale cases with the high-amplitude surface varia-
tion on the large scale (solid lines in Fig. 11b). This result implies that a horizontal wind
that initially has a Gaussian distribution characteristic of flow over a horizontally homoge-
neous surface can suddenly change into a gusty wind that has large intermittency in the late
afternoon due to the effect of surface heterogeneity at a hundred kilometre scale.

4 Summary and Conclusions

We investigate horizontal wind speeds induced by mesoscale surface heterogeneity at 100
m above ground, a typical wind-turbine hub height, under zero background flow, by using
LES with a grid spacing of 100 m over a horizontal domain of 128 km x 8 km. Meso-
scale surface heterogeneity is prescribed with sinusoidal surface heat-flux variations that
have wavelengths of 16, 32, or 128 km and amplitudes of 50 or 200 W m~2over the daytime
diurnal cycle between 0600 and 1800 LST. Thus, the sinusoidal surface heat-flux variations

3 In this study, kurtosis is defined as the fourth moment around the mean (114) divided by the square of the
variance (%) of the probability distribution minus 3, namely j14/ ot — 3.
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have maximum amplitudes of 50 or 200 W m~2 at midday, and minimum amplitudes of
zero at 0600 and 1800 LST. The results demonstrate that only for surface variations that
have maximum amplitudes of 200W m~2, the induced horizontal wind speeds temporally
fluctuate within the daytime diurnal cycle.

We investigate the temporal oscillation characteristics of wind speed. For low-level hori-
zontal wind speeds induced by the surface variations on scales of 16 and 32 km, oscillation
onsets occur first before noon. The amplitudes of the oscillations associated with the surface
variations on scales of 16 and 32 km are small compared with the amplitudes associated with
the surface variation on a scale of 128 km. For the single-scale case with a surface variation
scale of 128 km, the oscillation onset occurs once in the late afternoon (about 1700 LST).
However, for the multi-scale cases in which a 16- or 32-km surface heat-flux variation is
superimposed on the 128-km surface variation, multiple oscillation onsets occur: one asso-
ciated with the 10-km order surface variation has its peak before noon and the other one
associated with the 128-km variation has its peak in the late afternoon.

We also investigate intermittent discontinuities of 1-km scale eddies in space, which
is associated with the wind-speed oscillations. When oscillations occur, the energy at the
given surface heterogeneity scale cascades down to smaller-scale eddies. Fourier spectral
decomposition demonstrates that, as the energy cascade progresses, eddies are increasingly
discontinuous in space with decreasing eddy scales. In order to investigate the increase of
spatial intermittency, we use the kurtosis of the velocity increment with a separation dis-
tance of 1 km. For all cases with an oscillatory wind speed, the spatial discontinuity of 1-km
scale eddies rapidly and significantly increases at the oscillation onsets. In other words, with
an oscillatory winds the 1-km scale eddies are not homogeneously distributed, but instead
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become heterogeneously distributed with high spatial variability. In particular, at the oscil-
lation onset of the 128-km surface heterogeneity case, the kurtosis of the velocity increment
increases the most among all the cases.

In the CBL incorporating the horizontal flows induced by mesoscale surface heterogene-
ity, the discontinuous increase of 1-km scale eddies is associated with the increase of static
stability over the whole domain. The static stability increase is the result of cold advection in
the lower part of the CBL and warm advection in the upper part due to the induced horizontal
flows (Kang and Davis 2008). In other words, the overall static stability that is associated with
the induced horizontal flows controls the eddies on scales comparable to, or smaller than, the
CBL height. We show that the correlation coefficients between the temporal evolution of the
band-pass filtered relative variances Ry and R,,, p (Ro, R;), undergo transition from positive
to negative values at about 2-km wavelength. For the cases with the multi-scale surface var-
iation that are comprised of the two single-scale variations on scales of 128 km and either
16 or 32 km, 2-km or smaller-scale eddies are primarily controlled by the horizontal flows
associated with the higher-amplitude surface variation. When the two variation amplitudes
are the same, the small-scale eddies are mostly controlled by the horizontal flows induced
by the larger-wavelength surface variation.

The impact of local surface heterogeneity on the atmospheric flow could be more sub-
stantial under weak synoptic flow. Given that an NWP system for wind power forecasting is
usually a mesoscale model that has a limitation in precisely representing local surface het-
erogeneity, wind-speed oscillations could be poorly predicted. In the absence of significant
synoptic forcing, wind-speed oscillations may result in unanticipated rapid jumps in wind-
power output. Thus, we suggest that the temporally oscillating wind speeds that are induced
by local surface heterogeneity could be one of the fundamental reasons for unpredicted rapid
jumps in wind-power production.

Even with precise information on local surface heterogeneity, an NWP system may still
have limitations in exactly predicting wind-speed oscillations. Usually a mesoscale model
employs a one-dimensional ABL ensemble-mean model parametrization that assumes homo-
geneity. With a horizontal grid spacing that is usually larger than the typical CBL height of
1 km, each atmospheric parameter is represented with a constant value. In addition, the
atmospheric fluctuations on scales smaller than the effective resolution, which is usually 4-7
times the actual grid spacing, are reduced by numerical dissipation. Thus in a mesoscale
model, turbulent ABL flows may be distorted particularly on scales smaller than the effective
resolution. In other words, these oscillatory events, which result in significant sudden spatial
discontinuities in the wind on scales close to the ABL height or smaller may not be correctly
predicted by a mesoscale model.

In future studies, we plan to test the dependence of mesoscale model results on the model
resolution by comparing with LES results from the aspect of oscillatory events and their
associated energy cascade processes. Studying the performance of ABL parametrization
schemes in higher resolution mesoscale models is an active and important research field
(e.g., Martinez et al. 2010; Honnert et al. 2011). Using both a high-resolution mesoscale
model and a LES code, we plan to also test the hypothesis that temporal oscillations and their
associated increases in spatial discontinuity of eddies on scales of a few kilometres or smaller
can result in localized abrupt changes in horizontal wind speeds under various background
wind conditions.
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