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Abstract The Monin‐Obukhov similarity theory (MOST) is widely used for the surface turbulence
flux‐gradient relations in modeling and data analysis. Here we quantify multiscale turbulence processes by
applying our newly developed analysis technique to large‐eddy simulation data, and find that in the unstable
surface layer, large convective eddies (with the scaling of boundary layer depth) and local free convection
exist in addition to small eddies. An empirical MOST function (considering the last two processes only)
is found to underestimate the surface friction velocity and heat flux both by about 30%. Much better results
can be obtained using a function that explicitly considers all three processes. Generally, the nondimensional
wind shear exhibits larger scatter and deviates more from the MOST than the temperature gradient.
Based on these results, we propose the revised Sorbjan (1986, https://doi.org/10.1007/BF00120989) function
(with coefficients determined from this study) for wind shear and MOST function for temperature gradient,
for estimating surface fluxes in the unstable surface layer. The three‐dimensional multiscale analysis
method we develop in this study is of general nature and can be of interest for problems of three‐dimensional
multiscale process description in other disciplines.

1. Introduction

Land surface interacts with the atmosphere through surface‐air exchanges (i.e., fluxes) of energy, mass, and
momentum. Land‐atmosphere interaction is widely recognized as a crucial component of numerical
weather and climate models. Predictions of these numerical models are sensitive to the surface fluxes. No
matter how high the resolution of a numerical model is, the surface fluxes are always subgrid‐scale processes
that cannot be explicitly resolved and must be parameterized. At present, in almost all such numerical mod-
els, from local and mesoscale to global models, the surface flux parameterization is based on the Monin‐
Obukhov similarity theory (MOST; Monin & Obukhov, 1954).

Since its proposal, the MOST has been a fundamental theory for studying the atmospheric surface layer
(ASL). The actual concept of ASL was first introduced as a constant flux layer (Monin & Obukhov, 1954)
and it was defined as the bottom layer where momentum and heat fluxes are sufficiently constant with
height that the surface fluxes can be taken equal to the local fluxes at given height. In practice, the surface
layer is defined as the bottom part of the atmospheric boundary layer where the fluxes vary by less than 10%
of their magnitude with height. According to the MOST, the statistical structure of the surface layer, under
horizontally homogeneous and quasi‐stationary conditions, is governed by only four independent para-
meters: height above ground, surface friction velocity, kinematic surface temperature flux, and a buoyancy
parameter. An indispensable assumption implied in the MOST is that the surface layer is dominated by local
shear‐generated small eddies, while the influences of the large convective eddies or local buoyancy‐driven
motions are excluded.

The Monin‐Obukhov similarity hypothesis has been widely tested with field measurements for mean wind
and mean temperature gradients (e.g., Businger et al., 1971; Dyer, 1974; Hogstrom, 1988; Johansson et al.,
2001; Salesky & Chamecki, 2012), for velocity and temperature variances (e.g., Banta, 1985; Johansson
et al., 2001; Panofsky et al., 1977) or their spectra (e.g., Kaimal, 1978; Kaimal et al., 1972), and even tested
with regard to the structure parameters (e.g., Li et al., 2012; Maronga, 2014). For the mean wind and
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temperature gradients, the Monin‐Obukhov similarity was reported to be verified by field experiments with
the respective functional relationships determined (e.g., Businger et al., 1971; Dyer, 1974; Hogstrom, 1988).
It is these universal functions (i.e., nondimensional gradients) that are used in numerical meteorological
models to relate surface fluxes to relevant bulk meteorological quantities. The nondimensional gradients
from individual experiments, however, exhibit a considerable degree of scatter (Hogstrom, 1996). Such scat-
ter is often attributed to random errors. However, it was reported that random errors are not able to fully
account for the scatter in the nondimensional gradients (Salesky & Chamecki, 2012). This finding suggests
that in the surface layer there may exist physical processes that are neglected in the MOST and, as a result,
the nondimensional gradients may also be a function of some parameters which describe these neglected
processes but are not included in the aforementioned four parameters.

It has been shown via large‐eddy simulation (LES; Khanna & Brasseur, 1997) and field experiments
(Johansson et al., 2001) that under convective conditions, the nondimensional gradient of wind in the
surface layer strongly depends on the boundary layer depth. The boundary layer depth is typically consid-
ered as the characteristic length scale of large convective eddies. The influence of such large eddies can be
represented by explicitly including the boundary layer depth in the universal similarity functions (Sorbjan,
1986). While in many numerical weather and climate models, it is partially considered by including the
convective velocity scale in calculating the nondimensional wind shear for the standard MOST (e.g.,
Zeng et al., 1998).

Through the analysis of the velocity variance (e.g., Panofsky et al., 1977) or further the velocity spectra (e.g.,
Kaimal, 1978; Kaimal et al., 1976; McNaughton et al., 2007; McNaughton & Laubach, 2000), it has been
reported that in the unstable surface layer, horizontal and vertical velocity fluctuations scale differently.
While vertical velocity fluctuations scale with the height above ground and therefore follow the Monin‐
Obukhov similarity, the horizontal velocity fluctuations scale with the boundary layer depth. In the bound-
ary layer, three‐dimensional turbulent eddies extend horizontally and vertically. The horizontal and vertical
extent of turbulent eddies can be used to characterize turbulence horizontally and vertically, respectively
(Liu et al., 2015). However, in most cases, it is in the vertical direction that the turbulent transport is of great
interest, and therefore, the vertical extent is preferable to be used for turbulence scaling.

Recently, a new multiscale decomposition method, the orthogonal PDF decomposition (OPD) (Liu et al.,
2015), has been proposed for pattern recognition and scale decomposition. It has been applied to surface
heterogeneity quantification and turbulence structure identification (Liu et al., 2015, 2016). The OPD per-
forms decomposition in the PDF domain and its reconstruction for nonperiodic signals can be done more
effectively than that of traditional wave‐based transforms (e.g., Fourier transform, wavelet transform)
which are performed in the physical space. More importantly, many previous applications of the wave‐
based transforms to the atmospheric boundary layer turbulence are limited to the time domain or spatially
the horizontal directions. In this study, we extend the OPD technique to three dimensions by allowing
horizontal patches at neighboring heights to connect with each other to form three‐dimensional patches.
The vertical extents of these three‐dimensional patches represent the vertical scales of turbulent eddies. By
using this three‐dimensional OPD technique, the multiscale processes in the unstable surface layer, with
respect to vertical scaling, can be explicitly identified. Turbulence in the boundary layer, due to gravity and
buoyancy, is apparently anisotropic. Without the three‐dimensional OPD technique, the vertical turbu-
lence scale would not be possible to be easily decomposed. Here we use this technique to address two
questions: if large convective eddies do exist in the surface layer, how will they influence the flux‐gradient
relations there, or in response to them how will the flux‐gradient relations depart from the standard
Monin‐Obukhov similarity? And what flux‐gradient relations can be used to estimate surface fluxes for
the unstable condition?

2. Theory and Methods

In this section, we will first present briefly the OPD technique and its extension to three dimensions (see
Method S1 in the supporting information for details). The standard MOST and previous efforts to improve
the flux‐gradient relations for the unstable condition will be described as well. Finally, we will describe
how the data used in this study are obtained via large‐eddy simulation.
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2.1. Orthogonal PDF Decomposition

Adopting the “mosaic of patches” idea in the area of large‐scale atmospheric modeling, Liu et al. (2015) pro-
posed the OPD technique for pattern recognition and scale decomposition. The OPD extends patches of land
surface to patches of motions or other one‐ or two‐dimensional physical quantities. The patches are recog-
nized based on the reconstructed field which is obtained via an orthogonal transform in the PDF domain,
in contrast to the traditional wave‐based transforms (e.g., Fourier transform, wavelet transform) in the
physical space.

For the horizontal reconstructed fields, a connected area with the same approximation is recognized as a
patch. For each recognized patch, its horizontal extent is defined as its horizontal length scale (Liu et al.,
2015). Therefore, the signal details are horizontal scale related and the energy spectrum can be expressed
as a function of horizontal length scale. If horizontal patches at different heights connect with each other
to form three‐dimensional patches, then vertical draughts occur. For a three‐dimensional patch, its vertical
extent can be simply defined as its vertical length scale. Therefore, the signal details are vertical scale related
and the energy spectrum can be expressed as a function of vertical length scale in the form of

ELvert ¼ ∫
∞
−∞ DLvert sð Þj j2ds (1)

where s represents space, Lvert denotes the vertical length scale, and DLvert sð Þ is the vertical‐scale‐dependent
detail. The energy spectrum as a function of vertical length scale (equation (1)) is used in this study for iden-
tifying the multiscale processes in the unstable boundary layer. For more details, please refer to Method S1.

2.2. Monin‐Obukhov Similarity Theory

The standard MOST assumes that under horizontally homogeneous and statistically stationary conditions
the statistical structure of the ASL is governed by only four independent parameters: height z, surface fric-

tion velocity u*, surface kinematic heat flux w′θ′
� �

0 , and buoyancy parameter g/Θ0. These governing para-

meters form a single nondimensional MOST stability parameter ζ = z/L, where

L ¼ −
u3*Θ0

κg w′θ′
� �

0

(2)

is the Obukhov length. Here κ is the von Kármán constant, g is the acceleration of gravity, and the subscript 0
denotes the value at surface.

The MOST predicts that any mean flow or average turbulence quantity in the ASL, when normalized by an
appropriate combination of the above‐mentioned four independent parameters, should be a unique function
of z/L. The nondimensional wind and temperature gradients are usually expressed as

κz
u*

∂U
∂z

¼ ϕm
z
L

� �
(3)

κz
θ*

∂Θ
∂z

¼ ϕh
z
L

� �
(4)

whereU is the mean wind speed,Θ is the mean temperature, andθ* ¼ − w′θ′
� �

0=u* is the temperature scale.
Here ϕm(z/L) and ϕh(z/L) are the universal similarity functions which relate the constant fluxes

τ ¼ τ0 ¼ ρu2* (5)

H ¼ H0 ¼ −ρcpu*θ* (6)

to the mean gradients in the surface layer, where τ represents the momentum flux, and H the heat flux.

2.3. Flux‐Gradient Relations for Unstable Conditions

Since the proposal of the MOST, much field experimental effort has been spent on determining the universal
functions ϕm(z/L) and ϕh(z/L) in equations (3) and (4). Based on previous individual experiments, Hogstrom
(1996) suggested the universal functions for the unstable surface layer in the forms of
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ϕm
z
L

� �
¼ 1−19

z
L

� �−1=4
(7)

ϕh
z
L

� �
¼ 0:95 1−11:6

z
L

� �−1=2
(8)

To account for the effects of large convective eddies, Zeng et al. (1998) proposed to add a convective velocity
scale to the mean wind speed as

U ¼ U2
x þ U2

y þ βw*ð Þ2
h i1=2

(9)

for calculating the wind gradient in equation (3). In equation (9),Ux andUy are the mean wind components,
β is a weighting parameter (usually taken as unity), and w* is the convective velocity scale:

w* ¼ −
g
Θ
u*θ*zi

� �1=3
(10)

where zi is the convective boundary layer depth.

Another strategy to account for the contribution of large convective eddies is to include the boundary layer
depth zi in the list of the governing parameters, which statistically characterize the ASL (e.g., Khanna &
Brasseur, 1997; Sorbjan, 1986). More specifically, Sorbjan (1986) proposed the universal similarity functions
in equations (3) and (4) in the forms of

ϕm ¼ Cm −
z
L

� �−1=3
1−α

z
zi

� �2=3

(11)

ϕh ¼ Ch −
z
L

� �−1=3
1−α

z
zi

� �2=3

(12)

where Cm, Ch, and α are the constants to be determined. According to Sorbjan (1986), α is the ratio of zi to
the height where the heat flux becomes zero. For Cm and Ch, there was no clear explanation and they are
experiment dependent. Their determination is not trivial and should be carefully done.

3. Large‐Eddy Simulation Data

It is assumed here that the structures of the surface layer can be mainly, if not completely, described via LES
technique. LES is a numerical modeling approach that explicitly resolves large energy‐containing turbulent
eddies but parameterizes the less important small eddies. LES models have been under development since
the 1960s (e.g., Deardorff, 1970, 1972; Mirocha et al., 2010; Moeng, 1984; Raasch & Harbusch, 2001;
Smagorinsky, 1963; Sullivan et al., 1994). In this study, we use the LES of the Weather Research and
Forecasting model (WRF; Skamarock et al., 2008) to generate data. The WRF‐LES model has been widely
used for the studies of atmospheric boundary layer turbulence (e.g., Catalano & Moeng, 2010; Liu et al.,
2011; Moeng et al., 2007) and land‐atmosphere interactions (e.g., Liu & Shao, 2013; Shao et al., 2013).

For the LES applications, all WRF physical options are turned off, except for the diffusion scheme. A
subgrid‐scale (SGS) model based on the 1.5‐order turbulence kinetic energy diffusion scheme (Deardorff,
1980) is used to represent the subgrid‐scale turbulence. With the WRF‐LES model, four numerical experi-
ments are carried out. For each experiment, the simulation time period is 2 hr, with a time step of 0.05 s.
The simulation domain is 2 km × 2 km with a grid spacing of 5 m in the horizontal directions, and 600 m
with a grid spacing of 2 m in the vertical. The top boundary is assumed to be at constant pressure with zero
vertical velocity and free slip for each horizontal velocity. The lateral boundaries are periodic in each direc-
tion. The surface heat flux (0.06 K m s−1) is specified, and the surface stresses are estimated at each grid
point from
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τsurfxz ¼ −CD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u1ð Þ2 þ v1ð Þ2

q	 

u1 (13)

and

τsurfyz ¼ −CD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u1ð Þ2 þ v1ð Þ2

q	 

v1 (14)

Here subscript 1 denotes the first model grid point above the surface for which the resolved‐scale u and v are
computed and CD is the drag coefficient. The CD is specified for each experiment (e.g., 0.008 for the baseline
experiment W4 with background wind speed of 4 m/s) to generate different surface stress forcing. For all the
simulations, initial conditions are horizontally homogeneous, with idealized atmospheric profiles. The
initial potential temperature is constant with height (298 K) below 450 m. A capping inversion of 0.06
K/m is imposed between 450 and 550 m and constant temperature for above, with an initial boundary layer
depth (zi) set to 450 m. For simplicity, moisture is excluded. Zero mean wind is imposed in the y direction,
but in the x direction varying background wind is set for different experiments (denoted as W4, W6, W8, and
W10 for background wind speed of 4, 6, 8, and 10 m/s, respectively). The output frequency of data is once a
minute. The first hour of simulation is regarded as spin‐up time, and data of the second hour are used for the
analysis in this study.

4. Results

The primary structures of a typical convective boundary layer are first discussed based on the baseline simu-
lation W4. We then discuss how to apply the three‐dimensional OPD to identify the relevant multiscale pro-
cesses, especially those involved in the surface layer. The impact of these processes on the flux‐gradient
relations in the surface layer is demonstrated as well. Finally, flux‐gradient relations for estimating surface
fluxes in the unstable surface layer are examined.

4.1. Convective Boundary Layer Structures

Figure 1 shows hourly averaged vertical profiles of normalized fluxes of heat and momentum and those of
potential temperature and wind speed. As can be seen, the potential temperature decreases and wind speed
increases quickly with height near the surface, and then both remain almost constant until the capping
inversion layer. The normalized heat flux profile is linear through the boundary layer and it has a minimum
flux ratio (just below zi) of about −0.16 (Figure 1a), which is close to the traditionally used value of −0.2
(Deardorff, 1979). The profile of momentum flux along the background wind is almost linear through the
boundary layer as well, while that in the perpendicular direction is almost constantly zero (Figure 1b).
These results suggest that a typical convective boundary layer is well simulated.

Turbulence in the shear‐free convective boundary layer is well known to be principally characterized by
Benard‐type cells of narrow uprising plumes (updrafts) and wide downdrafts in between, wherein the
updrafts likely connect with each other to form quasi‐hexagonal shapes. On the other hand, the horizontal
structures of a neutral boundary layer are generally characterized by large‐scale organized motions (see
Figure S1a). Therefore, the sheared convective boundary layer, which occurs more often in nature, should
exhibit turbulent structures somehow between the above two extremes. Figure 2 shows that horizontally
the turbulent vertical velocity displays narrow uprising areas with relatively wide downdrafts in between.
Due to the wind shear, the uprising areas are more compact than those of the shear‐free case and they are
hardly able to connect with each other to form quasi‐hexagonal shapes. These main features hold for both
the two heights, except that higher level exhibits larger structures. These phenomena are more obvious in
Figure S4 of the supporting information. Turbulence in the convective boundary layer, due to gravity and
stratification, is three dimensional and anisotropic in the vertical direction. Therefore, as shown in
Figure 2, vertical structures of the turbulent vertical velocity differ significantly from the horizontal struc-
tures. Horizontal patches of motions at different heights connect with each other to form three‐dimensional
motions (Figure 2).
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We do not examine in detail the horizontal turbulence scales involved in the vertical turbulent transport; our
interest is about the vertical turbulence scales. Therefore, the three‐dimensional OPD presented in
section 2.1 is applied to the sheared convective boundary layer to identify the multiscale turbulence pro-
cesses with respect to vertical length scale.

4.2. Identification of Multiscale Processes

Vertical velocity variance can be taken as a measure of the strength of vertical motions, which are responsi-
ble for the vertical turbulent transport of scalars and momentum. Figure 3a shows that vertical velocity var-
iance is small near the surface, but it increases quickly to a maximum at about one third of the boundary

Figure 1. Vertical profiles of 1‐hr and domain averaged (a) potential temperature (θ) and its normalized vertical flux (w0θ0

=u*θ*) and (b) normalized stress (u0w0=u*2 and v0w0=u*2 for u and vwind components, respectively) and uwind speed. Data
here and below are, unless otherwise noted, from the baseline simulation.

Figure 2. An instantaneous three‐dimensional pattern of vertical velocity (with the horizontal mean removed and then
normalized by the spatial standard deviation), with several cross sections shown in colors. Light and dark grey three‐
dimensional patches with corresponding arrows indicate updrafts and downdrafts, respectively, with longer arrows
representing stronger movements and vice versa.
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layer height, and then decreases with height. This variance profile is as expected (Stull, 1988). Note that the
variance shown here is only the resolved part. For a typical large‐eddy simulation, the subgrid energy is
usually about 15% of the total energy in the flow interior (far from the boundaries), while as the surface is
approached it becomes more significant (Mason & Thomson, 1992).

Applying the three‐dimensional OPD, the vertical velocity variance (resolved‐scale) is decomposed and pre-
sented as energy spectrum on the vertical length scales, with four distinct energy peaks (Figure 3b). The
strongest one (P1) scales with zi (Lvert~zi) and remains almost through the whole boundary layer. The second
peak (P2) is around the cutoff length scale (or the vertical grid spacing, Δz) of the LES grid mesh (Lvert~Δz),
consistent with previous LES studies (e.g., Wyngaard et al., 1998). It strengthens significantly as the bottom
or top boundary is approached. This peak represents the small eddy processes. The other two peaks (P3 and
P4) lie along the two diagonals and, respectively, scale with the height above ground and the distance from
the top of the boundary layer. They represent the local free convections originating from the surface and the
convections originating locally but capped by the inversion layer, respectively. Eddies originating from the
surface and extending to height z, indicated as peak P3, contribute to the energy at scale Lvert = z for heights
between the surface and z. For heights below z, there may be energy at scale Lvert = zwhich is contributed by
those eddies, but that energy is not a peak. Only at height z, the energy peaks at scale Lvert = z. In other
words, eddies originating from the surface and extending to height z contribute relatively the most z‐scale
energy to height z.

On average, the OPD energy spectrum of the boundary layer exhibits a wide gap bounded by two distinct
peaks (Figure 3c). This kind of spectral gap seems to be a desired representation of turbulence for the turbu-
lence community (Farge et al., 1996; Liu et al., 2015). The dominant peak scales with the boundary layer
depth, and the other one, significant but weaker by more than an order of magnitude, is around the cutoff
length scale (Figure 3c). The energy decreases from the dominant peak to smaller scales until around the
scale of half of the boundary layer depth. This can be understood as a traditional successive turbulent energy
cascade process. This cascade process does not continue to the smallest scales, but instead is interrupted by
an energy peak at the smallest scales. Close to the boundaries, the small eddies due to shear production are
strengthened and energy is more concentrated in the subgrid scales, and the backscatter, that is, local trans-
fer of energy from subgrid to resolved scales, becomes more significant (Mason & Thomson, 1992). Logically
this kind of backscatter should continue to resolved scales to transfer energy from small to larger resolved
scales. It is well known that the shear production generates the energy in the horizontal velocity compo-
nents, fromwhich the energy can be partly taken into the vertical component via the pressure redistribution.
In our case, the wind shear contributes little (compared to the buoyancy) to the vertical velocity variance
(not shown here). Thus, the backscatter process arising from the wind shear should also contribute little

Figure 3. (a) Variance of the vertical velocity and (b) its OPD energy spectra as a function of vertical length scale Lvert at
different heights, with four significant peaks, respectively, indicated by P1, P2, P3, and P4. (c) The variance‐weighted
mean OPD spectra for the whole boundary layer. Heights and vertical length scales are normalized by the boundary layer
depth zi, and variance is normalized by the convective velocity scale, w*.
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to the energy spectrum as shown in Figure 3c. Rather, the energy spectrum is mainly determined by the
buoyancy. Another important issue is how the energy cascade process of the large convective eddies is
driven by the buoyancy and how the energy is transferred between scales with respect to vertical scaling.
We will discuss this issue in detail in a separate paper.

Figure 3b shows that near the surface large convective eddies and local free convection appear to coexist with
small eddy processes. This can be revealed even more clearly by the OPD energy spectral curves for two
specific heights near the surface (see Figure S5. For more details, please refer to Text S1 in the supporting
information. Then, a further question is how the former two types of processes affect the flux‐gradient
relations in the surface layer.

4.3. Impact on the Flux‐Gradient Relations

The two empirical universal similarity functions suggested by Hogstrom (1996) as shown in equations (7)
and (8) are used as a reference to test the flux‐gradient relations in the unstable surface layer based on the
LES data.

As mentioned in the first section, the surface layer in practice is defined as the bottom part of the boundary
layer where the fluxes vary by less than 10% of their magnitude with height. For the LES, as the surface is
approached fluxes increasingly occur on the subgrid scale and the SGS parameterization plays an increas-
ingly important role. To eliminate as much as possible the influence of the SGS scheme, only the LES data
of the heights which are within the surface layer and where more than 90% of the total flux is explicitly
resolved are used for analysis. For each time step and each height of interest, each of the four LES experi-
ments has a nondimensional wind gradient, calculated according to equation (3), and a nondimensional
temperature gradient, calculated according to equation (4). All these gradients are then plotted against
z/L in comparison with the corresponding empirical curves as shown in Figure 4.

The simulated dimensionless wind gradient ϕm generally shows the similar tendency as the empirical curve
(Figure 4a). Quantitatively, however, they show significant departures from the empirical curve. Moreover,
the ϕm data of the four simulations do not collapse to a single curve and have a high degree of scatter. Within
a simulation, they all show steeper gradients than the empirical relation, in agreement with results of

Figure 4. MO‐normalized (a and c) mean wind shear and (b and d) mean temperature gradient against z/L of the four LES
experiments with four different initial background wind speeds. The dashed lines are the empirical curves suggested by
Hogstrom (1996) according to multiple individual field measurements. The solid lines (in four corresponding colors) are
the empirical curves proposed by Sorbjan (1986).
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previous numerical studies (Li et al., 2018; Pirozzoli et al., 2017). Notice
that for a specific simulation the variable z/L is obtained by varying zwith
nearly fixed L. The scatter in ϕm is seen to increase with negative z/L, thus
actually increases with height. This kind of increase of scatter, we argue, is
attributed to the increasing large‐eddy effects with height in the region
near the surface (see Figure S5). Although there is considerable scatter
among the data in each stability (measured by zi/L) group of simulation,
there is a significant and clear ordering of the four data sets, with the most
unstable data group on the left and the least on the right in Figure 4a.

More importantly, each group has distinct collapse pattern and as a whole they fail to form a single curve
as MO predicted. The MO parameters may be appropriate normalizing scales since the ϕm is on the order
of 1 for all four simulations, but a systematic dependence on zi should exist to take into account the effects
of zi‐scale large‐eddy processes (Khanna & Brasseur, 1997; Li et al., 2018), which together with the local free
convection have been identified clearly in the last section. The local free convection scales on z, therefore, it
is not necessary to introduce new scaling parameter to account for its effect.

The dimensionless temperature gradient ϕh data appear to collapse much better onto a single curve and
exhibit much less scatter than the corresponding ϕm (Figure 4b), in agreement with previous numerical stu-
dies (Khanna & Brasseur, 1997; Li et al., 2018; Pirozzoli et al., 2017) and field measurements (Johansson
et al., 2001; Salesky & Chamecki, 2012). The reason is that the wind shear in the surface layer is affected
more than the temperature gradient by the large‐eddy processes. Vertical fluxes in the boundary layer are
mainly transported by turbulent eddies of different scales. Thus, the flux spectra of momentum or heat in
the surface layer are similar to the energy spectrum (see Figure S6a). The zi‐scale large eddies can transport
momentum and heat or other scalars efficiently between the surface layer and the top of the boundary layer.
However, due to the existence of the capping inversion layer and the large geostrophic wind speed near
there, the mean temperature difference between the surface layer and the top of the boundary layer is rela-
tively smaller than that of mean wind speed (Figure 1). Therefore, in comparison with the heat flux, the
momentum flux is contributed more by the zi‐scale large eddies (see Figure S6b). Thus, the zi‐scale large
eddies lead to relatively stronger effects on the velocity field than on the temperature field in the
surface layer.

The above analysis shows that the standardMOST cannot describe well the simulated flux‐gradient relations
in the unstable surface layer; for the scaling of those flux‐gradient relations, the large‐eddy processes should
be considered. Based on the local free convection similarity hypothesis, Sorbjan (1986) theoretically pro-
posed new forms of ϕm and ϕh for the unstable surface layer, which explicitly take into account the scale
of zi as described by equations (11) and (12). The three unknown parameters Cm, Ch, and α are to be deter-
mined. According to Sorbjan (1986), α is the ratio of zi to the height where the heat flux becomes zero. There
was no clear explanation for Cm and Ch, but evidently, they are experiment dependent.

The determination of α is straightforward; it is derived from the heat flux profiles in the boundary layer for
different experiments. The coefficients Cm and Ch in equations (11) and (12) for each experiment are
obtained based on a least‐absolute‐deviation regression using the LES data as shown in Figure 4. Values
of the three parameters for different experiments are as shown in Table 1. To make the estimation of Cm

and Ch practically predictable, there are two assumptions to be made beforehand. First, it is assumed that
the simulated flux‐gradient relations in the ASL are correct. It is justified since for the analysis region more
than 90% of flux is explicitly resolved by the LES. Second, no new parameters are introduced in addition to
the existing ones in equation (11) and (12) and Cm and Ch are a function of single parameter. From themath-
ematical perspective, Cm and Ch could be a function of α or zi/L. As demonstrated in last section, there are
three distinct types of processes in the ASL, that is, small eddies, local free convections, and zi‐scale large
eddies. According to the existing theories, the function of z/L represents the effects of small eddies. z/zi
measures the relative position in the boundary layer and can be used to describe the effects of local free con-
vections. The relative strength of zi‐scale large eddies is nearly independent of z (see Figure 4b). Logically,
the z‐independent parameter zi/L should be used to represent the effects of zi‐scale large eddies.
Furthermore, it was revealed that the wind shear in the unstable surface layer is affected more than the
temperature gradient by the large‐eddy processes and the dimensionless temperature gradient ϕh data

Table 1
Parameters Related to Equations (11) and (12) Set for Different Experiments

Experiment α −zi/L Cm Ch

W4 1.28 53.1 0.384 0.162
W6 1.31 21.4 0.293 0.192
W8 1.39 11.9 0.273 0.222
W10 1.5 7.7 0.27 0.253
Sobjan1986 1.5 100 0.6 0.25
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appear to collapse much better onto a single curve (Figure 4b). From the physical perspective, therefore, Cm

seems more likely to be a function of zi/L and Ch of α.

If Cm is a function of α, that function should be universal. With the relevant parameters from Sorbjan (1986)
included (Table 1), however, it is hard to see a consistent relationship between Cm and α anymore
(Figure 5a). On the contrary, Cm holds a significant linear relationship with −zi/L (Figure 5b). The linear
regression equation is

Cm ¼ 0:0036 −
zi
L

� �
þ 0:2246 (15)

for which the coefficient of determination R2 is as high as 0.98 with confidence level greater than 99%. As for
Ch, on the other hand, it is hard to see a consistent relationship between Ch and −zi/L (Figure 5d) and Ch

holds a significant linear relationship with α (Figure 5c). The linear regression equation is

Ch ¼ 0:3687α−0:2989 (16)

with the coefficient of determination R2 0.96 and confidence level greater than 99%.

By using the values of α, Cm, and Ch as listed in Table 1, we can plot equations (11) and (12) in comparison
with the LES results as shown in Figure 4. The wind shear relation of Sorbjan (1986) is obviously more con-
sistent with the simulation data than the standard MOST empirical one (Figure 4c). The simulated tempera-
ture gradient, in contrast, does not necessarily agree better with the Sorbjan (1986) curves (Figure 4d).
Rather, it generally follows the standard MOST (Figure 4b).

4.4. Estimation of Surface Fluxes in the Unstable Surface Layer

In this section, the empirical functions described in section 2.3 for the unstable surface layer are examined in
terms of the biases of their estimated surface fluxes. The examination is carried out for the four experiments.
According to equation (3), we have

Figure 5. (a and b) Cm as a function of α and −zi/L, respectively, using the data listed in Table 1. (c and d) Same as in
(a) and (b) but for Ch. Dots represent data for LES experiments, and crosses data from Sorbjan (1986). The straight lines are
the linear regression with a coefficient of determination (b) R2 = 0.98 and (c) R2 = 0.96 and confidence level greater
than 99% for both.
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Figure 7. Same as Figure 6 but for surface heat flux.

Figure 6. Surface friction velocity simulated by LES and that estimated according to different empirical schemes for
experiments (a) W4, (b) W6, (c) W8, and (d) W10.
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u* ¼ κz
ϕm

∂U
∂z

(17)

The data of the heights at which the nondimensional gradient calculation is done in section 4.3 are used here
for calculating the surface friction velocity u*. That is to say, the calculation is done for the heights which are
within the surface layer and where more than 90% of the total flux is explicitly resolved.U is the horizontally
averaged wind speed. ϕm is set according to the empirical functions to be examined. For each experiment
and each time step, each height of interest gets au*, which is calculated from equation (17). The u* averaged
over heights is taken as the estimated u* for the surface layer. The evolution of the estimated u* with time for
each experiment is as shown in Figure 6, in which the u* specified in LES is used as the reference for com-
parison. As shown in Figure 6 the empirical MOST function (Hogstrom, 1996) underestimates the u*. This
cannot be improved by including the convective velocity scale in calculating the mean shear with the para-
meter β = 1 in equation (9) (Zeng et al., 1998). The wind shear in Zeng et al. (1998) is integral and β = 1 can
account for partly the effects of large eddies on the whole surface layer. But for the wind shear at specific
level β = 1 cannot. The revised Sorbjan (1986) function (with coefficients determined by equation (15))
increases greatly the estimation. The estimation for the modest background wind speed conditions (W4
and W6) agrees quite well with the reference (Figures 6a and 6b). But for the high background wind speed

Figure 8. (a) Surface friction velocity and (b) surface heat flux simulated by LES (Zhou et al., 2018, 2019) and those esti-
mated according to different empirical schemes.

Table 2
Statistics of the Estimated Surface Fluxes Via Different Empirical Flux‐Gradient Relations and Their Comparison With LES

Experiment Surface flux Hogstrom (1996) Hogstrom (1996) and Zeng et al. (1998) Revised Sorbjan (1986) LES

W4 u* Value 0.148 0.142 0.209 0.198
Bias −25% −28% 6%

−u*θ* Value 0.040 0.038 0.056 0.060
Bias −33% −37% −7%

W6 u* Value 0.167 0.163 0.284 0.269
Bias −38% −39% 6%

−u*θ* Value 0.037 0.036 0.064 0.060
Bias −38% −40% 7%

W8 u* Value 0.221 0.208 0.364 0.331
Bias −33% −37% 10%

−u*θ* Value 0.042 0.041 0.073 0.060
Bias −30% −32% 22%

W10 u* Value 0.263 0.261 0.440 0.387
Bias −32% −33% 14%

−u*θ* Value 0.047 0.047 0.079 0.060
Bias −22% −22% 32%
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conditions (W8 and W10), the overestimation is visible (Figures 6c
and 6d). The estimated u* all oscillate with a period of around 10
min, the typical oscillation period of large eddies, reflecting the
large‐eddy effect in the unstable surface layer.

Similarly, according to equation (4), we have

θ* ¼ κz
ϕh

∂Θ
∂z

(18)

We set the ϕh according to the empirical MOST function, since as
shown by the LES data it generally follows the MOST (Figure 4b).
For each experiment and each time step, according to equation (18)
each height of interest gets an estimated θ*. The product−u*θ*, which
is exactly the surface heat flux, is then averaged over heights and the
temporal evolution of the estimated −u*θ* is obtained as shown in
Figure 7, in which the heat flux specified in LES is used as the refer-
ence for comparison. Generally, the estimated −u*θ* behaves quite
similar to the u*. This is understandable since the θ* is estimated from
the same empirical function; thus, it is the u* that makes the differ-
ence for the −u*θ*. Similarly, the empirical MOST function underes-
timates the −u*θ*. This also cannot be improved by including the
convective velocity scale in calculating the mean shear. By increasing

the estimation of u*, the revised Sorbjan (1986) function increases greatly the estimation of −u*θ*. The esti-
mation for the modest background wind speed conditions (W4 andW6) agrees quite well with the reference
(Figures 7a and 7b). But for the high background wind speed conditions (W8 and W10), the overestimation
of −u*θ* is even larger than that for u* (Figures 6c and 6d). This obviously is due to the nonnegligible biases
in the estimation of θ*.

As shown in Table 2, the empirical MOST function underestimates the u* and −u*θ* by around 30%.
Including the convective velocity scale in calculating the mean shear with β = 1 in equation (9) makes no
difference to the estimation of surface fluxes. For the u*, the revised Sorbjan (1986) function with parameters
determined by equation (15) does the best estimation, with biases of only 6% for the modest and about 10%
for the high backgroundwind speed conditions. Accordingly, the estimation of−u*θ*, for which the θ* is esti-
mated from the MOST function, is improved significantly with biases reduced to no more than 10% for the
modest background wind speed conditions. For the high wind speed (10 m/s), however, the revised Sorbjan
(1986) function does not perform that well for the estimation of −u*θ*.

5. Conclusions and Discussion

The OPD (Liu et al., 2015) is extended to three dimensions. By applying the three‐dimensional OPD, we have
identified multiscale turbulence processes, with respect to vertical length scale, for an unstable boundary
layer simulated by LES. More specifically, in the unstable surface layer, significant large (zi‐scale) convective
eddy processes and local free convection have been revealed in addition to small eddy processes. The impact
of the first two types of processes on the surface layer has been examined from the perspective of flux‐
gradient relations. It is shown that the large‐eddy effect is an important factor for the simulated flux‐gradient
relations to deviate from the standardMOST. Generally, the nondimensional wind shear in the surface layer
exhibits larger scatter and deviates more from the MOST than the temperature gradient. Moreover, the non-
dimensional wind shear shows significant dependence on the scale of zi in addition to the dimensionless
MOST stability parameter z/L. As for the nondimensional temperature gradient, the LES data have less
scatter and generally follow the MOST, in consistence with previous studies.

The simulated nondimensional wind shear can be represented well by the revised Sorbjan (1986) empiri-
cal function, which depends explicitly on zi. In contrast, the empirical MOST function (Hogstrom, 1996)
underestimates the surface friction velocity u* and heat flux −u*θ* both by around 30%. This kind of
underestimation is not reduced by including the convective velocity scale in calculating the mean shear

Figure 9. MO‐normalized mean wind shear against z/L for the default set of LES
experiments and another set of simulations with a twice coarser spatial resolu-
tion. Data are sample averaged, with the standard deviations indicated by vertical
bars. The dark curve is from Hogstrom (1996).
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with a constant β in equation (9). For the u*, the revised Sorbjan (1986) function with parameters determined
by equation (15) best estimates, with biases of only 6% for the modest and around 10% for the high
background wind speed conditions. Accordingly, the estimation of −u*θ* is improved significantly with
biases reduced to no more than 10% for the modest background wind speed conditions. Therefore, for the
estimation of surface fluxes in the unstable surface layer, we propose the combined use of Sorbjan (1986)
and MOST functions, that is, the revised Sorbjan (1986) function for wind shear (i.e., equation (11), with
parameters determined by equation (15)) and MOST function for temperature gradient (i.e., equation (8)).
The parameter α in equation (11) is the ratio of zi to the height where the heat flux becomes zero. For the
parameter Cm, equation (15) can be used for the specific range of −zi/L discussed in this study. More work
with field measurements and numerical simulations needs to be done to improve this formula for the full
range of −zi/L.

We are aware that our LES simulation only covers a small set of flow conditions. To test the robustness of our
results, we have applied our formula to the independent LES data generated by a different model with totally
different flow and heat flux conditions (Zhou et al., 2018, 2019). We choose the case with high background
wind speed (10 m/s) and high surface heating (prescribed constant surface heat flux of 0.20 K m−1 s−1), in
which neither wind shear nor buoyancy is too dominant. The data output frequency is once per 10 min.
The simulation data of the second 2 hr are used for analysis (the averaged vertical profiles are shown in
Figure S7). Compared to the similarity theory, our formula (without any changes) can significantly improve
the estimated surface fluxes (Figure 8).

The data used in this study are obtained by the LES technique. In the flow interior of a typical LES, the total
energy and flux are mainly resolved. But as the surface is approached, energy and flux increasingly occur on
the subgrid scale. To eliminate as much as possible the influence of the SGS scheme, the data of the bottom
layer where more than 10% of the total flux is estimated by the SGS scheme are discarded from the surface
layer similarity analysis in this study. However, the uncertainty due to the SGS scheme certainly contributes
to the bias in the derived flux‐gradient relations. To reduce this kind of bias, we have two options. One is to
apply more advanced SGS schemes which, for example, can reasonably consider the backscatter effects. The
other is to increase the resolution, especially for the region near surface. Increasing resolution can resolve
more energy explicitly and thus reduce the influence of the SGS uncertainty. To test this, we have another
set of simulations with coarser spatial resolution. It is shown in Figure 9 that the higher resolution does
not necessarily improve the sample averaged nondimensional wind shear, but it obviously reduces the
uncertainty due to the SGS. Furthermore, Reynolds number effect could also potentially contribute to the
uncertainty. To take into account this effect, sophisticated wall models (e.g., Li et al., 2016; Marusic et al.,
2010), in which the “law of the wall” is based on the concept of universal behavior of momentum and scalars
in the inertial (logarithmic) layer, can be applied to the LES.
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