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Mesoscalemotions are an important factor influencing the applicability ofMonin-Obukhov similar theory (MOST) and the surface
energy balance. The heterogeneous surface and the vegetation-covered surface also increase the complexity of these two problems.
In order to understand the effect of mesoscale motions on turbulent fluxes more clearly, this study analyzes the impact of mesoscale
motions on MOST and surface energy balance using the multiresolution decomposition method and the observational data over a
homogeneous bare soil surface. Two conclusions are obtained: (1)When mesoscale motions are excluded, the scatter of similarity
relations is evidently reduced; the observed values of the dimensionless velocity gradient and dimensionless temperature gradient
in stable conditions become less than the values estimated using the universal functions, and the flux-variance relationship for
temperature clearly deviates from the −1/3 power law. (2)When mesoscale motions are excluded, the number of energy balance
closure outliers at night is dramatically reduced, and the energy balance ratio (EBR) is increased. However, when turbulent mixing
is weak, even if mesoscale motions are excluded, the EBR is still relatively low, which is possibly due to the fact that the energy is
mainly transported by mesoscale motions instead of turbulence.

1. Introduction

Turbulence is an important atmospheric movement in the
boundary layer, and the exchange of energy and matter
between surface and atmosphere is mainly conducted by
turbulent transport. The Monin-Obukhov similarity theory
(MOST) [1, 2] is the most fundamental theory in the study
of atmospheric turbulence and has been adopted for land-
surface processes in the current numerical models. However,
the application of MOST in the stable boundary layer or on
the heterogeneous surface is often limited [3–5]. With the
advance of observational research, the energy balance closure
problem [6–9], noticed in the 1980s, further complicated the
application ofMOST. Foken [2] pointed out that if the energy
balance closure problem is caused by underestimation of the
turbulent fluxes, the accuracy of the universal functions of
MOST will be affected. At present, the applicability of MOST
and the surface energy balance closure have become two
significant problems restricting the development of boundary
layer and land-surface process. Observations of boundary
layer and land-surface processes suggest that land-surface

characteristics and mesoscale motions are two important
factors influencing the surface energy balance closure and the
applicability of MOST.

The effects of land-surface characteristics on MOST and
surface energy balance are mainly focused on vegetation-
covered surface and horizontally heterogeneous surface. The
roughness sublayer formed by vegetation canopy and the
nonturbulent motions caused by heterogeneous surface limit
the application of MOST [2, 5]. Both the heat storage in
the canopy [7] and the vertical advection transport on the
heterogeneous surface [10] are difficult to measure, which
reduces the energy balance closure. However, what should
be noted is that the applicability of MOST and the energy
balance closure problem are still not solved perfectly even on
the flat surface. Observational studies show that the validity
of MOST is often limited in the stable boundary layer [3, 11].
Wilson et al. [6] analyzed the surface energy balance of 22
FluxNet sites, and the results show that the surface energy
imbalance is also prevalent on the flat surface.

Attention has also been paid to the impact of mesoscale
motions on turbulent flux and MOST. Mahrt referred
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Table 1: Relevant studies on impact of mesoscale motions on similarity theory.

Study Position Landscape Stability Similarity
relation Variable

Mahrt (2007)

Colorado, USA Grassland

Stable (1) WindKansas, USA Shore
Massachusetts, USA Short tundra

Alaska, USA

Sorbjan and Grachev (2010) Alaska, USA Arctic pack ice Stable (1)
Wind and
temperatureKansas, USA Grassland

Liang et al. (2014) Lanzhou, China Loess Plateau Stable (1) Wind

Babić (2016) Kutina, Croatia Walnut trees Stable (1) and (2) Wind
Heterogeneous surface

This study Alxa, Inner Mongolia,
China

Homogeneous bare soil
surface

Stable and
unstable (1) and (2) Wind and

temperature
Note. (1): flux-gradient relationship; (2): flux-variance relationship.

to some nonturbulent motions in the boundary layer as
“mesoscale motions” and carried out a series of studies [12–
14]. Mesoscale motions can include internal gravity waves,
drainage flows, density currents, solitons, and numerous
motions more difficult to categorize [12, 15]. Mesoscale
motions are nonstationary and independent of the gradient
transport in the vertical direction, having larger time scale
than turbulence. When the turbulent fluxes observed in the
boundary layer are contaminated by mesoscale motions, the
turbulent fluxes often deviate greatly from the estimated
values of mean flows [16], and the statistical characteristics
of the turbulence also show various forms [4, 12]. Vickers
andMahrt [15] developed themultiresolution decomposition
(MRD)method to exclude themesoscalemotions involved in
the turbulent fluxes based on the fact that mesoscale motions
have larger timescale than turbulence. With the help of the
MRDmethod, the influence of mesoscale motions onMOST
has been widely analyzed (Table 1) [4, 12, 17, 18], and the
results show that excluding mesoscale motions can reduce
the scatter in the similarity relations in stable conditions.
Meanwhile, the turbulent fluxes can also be affected by
mesoscale motions. Vickers and Mahrt [19] pointed out
that the removal of mesoscale motions can result in more
coherent turbulent fluxes in the vertical direction. Mahrt
[16] emphasized that poorly sampled mesoscale fluxes can
severely contaminate the computation of turbulent fluxes.
Since turbulent fluxes are important components of surface
energy balance, the errors existing in turbulent fluxes will
further affect the surface energy balance.

The energy balance closure problem, horizontally het-
erogeneous surface, mesoscale motions, and uncertainty
in the turbulence observation are intertwined in the cur-
rent research of boundary layer and land-surface process,
which complicates the research. When studying the effect
of mesoscale motions on turbulence characteristics, the
heterogeneous surface makes the problem more complex.
However, most of the previous relevant studies are conducted
on heterogeneous or vegetation-covered surfaces (Table 1).
When the effect of a heterogeneous surface is excluded, how

does mesoscale motion impact the similarity theory? Can the
energy balance closure be improved after mesoscale motions
are excluded? These questions remain to be resolved. There-
fore, we carried out a field experiment over a horizontally
homogeneous, bare soil surface in an arid area. By eliminating
the effects of heterogeneous surface and vegetation-covered
surface, this paper attempts to more clearly determine the
impact of mesoscale motions on MOST and the surface
energy balance closure.The remainder of this paper is divided
into three sections. The site, data, and analysis methods are
described in Section 2. The impact of mesoscale motions
on MOST and the surface energy balance is presented
in Section 3, followed by conclusions and discussions in
Section 4.

2. Data and Methods

2.1. Site Description and Instrumentation. The experimental
site (37∘45N, 103∘55E; a.s.l: 1563m) is located at the southern
border of Tengger Desert, in Alxa Left Banner, Inner Mon-
golia. This area features a typical northern arid temperate
climate. The topography of the experimental site is shown
in Figure 1. The surface is essentially homogeneous bare
soil, despite the scattered perennial Alhagi sparsifolia and
sparse low weeds. From 1971 to 2000, the region had a mean
annual precipitation of 35.2mm mainly in May–September,
mean annual potential evaporation of 3400mm,mean annual
relative humidity of 33%, and mean annual wind speed of
3.2m/s at 10m elevation.Themeanmonthly air temperatures
range from −10.5∘C in December to 27.6∘C in July [20]. The
local time at the experimental site is 1 hour and 4minutes later
than Beijing Time (UTC + 8 h), and Beijing Time is used in
this research.

One 32-m-high meteorological tower was set up in the
experimental field. There were 6-level wind speed sensors
(010C, Met One) at 1m, 2m, 4m, 8m, 16m, and 32m; 6-
level air temperature and relative humidity sensors (HC2S3,
Campbell) at these 6 heights; and a wind direction sensor
(W200P, Vector) at 10m. An eddy-covariance (EC) system
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Figure 1: Topography of the experimental site and footprint of the turbulent fluxes. The center of the circle is the position of meteorological
tower. The red and blue solid lines are the mean distances providing 50% contribution to turbulent fluxes in stable and unstable conditions,
respectively.

was installed at 3m for turbulence observations, including a
3-D sonic anemometer (CAST3,Campbell) and an open-path
infrared gas analyzer (Li-7500, Campbell). South of the tower,
a 4-component net radiation sensor (CNR4, Kipp & Zonen)
was installed at a height of 1.5m for radiation observations.
The soil temperature sensors (STP01, Hukseflux) and soil
moisture sensors (CS616, Campbell) were buried at depths
of 5 cm, 10 cm, 20 cm, 40 cm, and 80 cm, and the soil heat
flux plates (HFP01SC, Hukseflux) were buried at depths of
5 cm, 10 cm, and 20 cm. All these sensors were set about 10m
far from south of the tower. The sampling frequency of the
EC system was 10Hz, while other data were stored as 10min
averages from 1 s samples.

We selected 90-day observation data obtained from
December 1, 2014, to February 28, 2015, for study. To guar-
antee the quality of turbulence data, several postfield data
processingmethodswere applied to the turbulence data using
the postprocessing software Edire [26]. These data process-
ing methods are as follows: spike removal [27], coordinate
rotation [28], time delay between different sensors, sonic
temperature correction [29], frequency response correction
[30], and WPL correction [31]. In order to ensure that the
observed turbulent fluxes are mainly contributed by the bare
soil surface, the footprint of the turbulent fluxes was analyzed
(Figure 1(a)) [32, 33]. The border of Tengger Desert is about
1 km northwest of the experimental site, so the area within
1 km range of the meteorological tower was selected as the
target area. If the flux contribution is less than 50% in the
target area, the data are a set of disorders, which is not
recommended for research [34]. Accordingly, the data with
flux contribution less than 50% were removed. Figure 1(a)
shows that the mean distances providing 50% contribution
to turbulent fluxes are far less than 1 km both in stable and
unstable conditions for the remaining data, which indicates

that the turbulent fluxes can well represent the contribution
of the bare soil surface.

2.2. Analysis Method. When turbulent fluxes are measured
by an EC system, one needs to select a reasonable averaging
time, 𝜏, to define the turbulent fluctuations. The length of
𝜏 is critical, as it determines whether turbulent fluxes will
be affected by mesoscale motions [15, 19]. If 𝜏 is too short,
the contribution of large-scale eddies will not be integrally
captured by the EC system, and the calculated turbulent flux
will be too small; if 𝜏 is too long, the calculated turbulent
flux will be contaminated by mesoscale motions and show
intense oscillation, and even its direction will be opposite
to the true one. Figure 2(a) shows the ogive functions [35]
of 𝑤𝑇 (covariance of vertical velocity fluctuation 𝑤 and
temperature fluctuation𝑇) hour by hour, which is calculated
using the data from December 1–3, 2014, at 20:00–07:00. As
seen in Figure 1(a), if 𝜏 is set to the conventional value of
30min, the ogive functions of 𝑤𝑇 show intense oscillation
at certain hours, which reflects the impact of the mesoscale
motions on the calculated turbulent fluxes.

To minimize the impact of mesoscale motions on tur-
bulent fluxes, the multiresolution decomposition (MRD)
method [15] was used to determine a reasonable averaging
time. This method decomposes the flux into different time
scales, and an MRD cospectrum can be obtained. There
is usually a clear cospectral gap in the MRD cospectrum
that separates the turbulence and mesoscale motions (Fig-
ure 2(b)). Mesoscale motions can be excluded if the timescale
associated with the cospectral gap (𝜏gap) is used as the
averaging time for defining turbulent fluctuations. In this
study, MRD analysis was performed on the hourly high-
frequency turbulence data. Vickers and Mahrt [19] pointed
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Figure 2: Influence of averaging time 𝜏 on turbulence covariance 𝑤𝑇. (a) Ogive functions of 𝑤𝑇. (b) Corresponding MRD cospectra of
𝑤𝑇.

Table 2: Universal functions of flux-gradient relationship proposed by different authors [21–25].

Author 𝜑𝑚 𝜑ℎ
Unstable Stable Unstable Stable

Businger et al. (1971) 𝜑𝑚 = (1 − 15𝜁)
−1/4 𝜑𝑚 = 1 + 4.7𝜁 𝜑ℎ = 0.74(1 − 9𝜁)

−1/2 𝜑ℎ = 0.74 + 4.7𝜁

Dyer (1974) 𝜑𝑚 = (1 − 16𝜁)
−1/4 𝜑𝑚 = 1 + 5𝜁 𝜑ℎ = (1 − 16𝜁)

−1/2 𝜑ℎ = 1 + 5𝜁

Wieringa (1980) 𝜑𝑚 = (1 − 22𝜁)
−1/4 𝜑𝑚 = 1 + 6.9𝜁 𝜑ℎ = (1 − 13𝜁)

−1/2 𝜑ℎ = 1 + 9.2𝜁

Högström (1988) 𝜑𝑚 = (1 − 19.3𝜁)
−1/4 𝜑𝑚 = 1 + 4.8𝜁 𝜑ℎ = (1 − 12𝜁)

−1/2 𝜑ℎ = 1 + 7.8𝜁

Foken (2008) 𝜑𝑚 = (1 − 19.3𝜁)
−1/4 𝜑𝑚 = 1 + 6𝜁 𝜑ℎ = 0.95(1 − 11.6𝜁)

−1/2 𝜑ℎ = 0.95 + 7.8𝜁

Note. 𝜑𝑚 is the dimensionless velocity gradient, 𝜑ℎ is the dimensionless temperature gradient, and 𝜁 is the atmospheric stability.

out that the MRD cospectral gaps based on heat flux and
momentum flux are highly correlated and the heat flux
cospectra behave typically better. For ease of processing, 𝜏gap
values were determined by the heat flux cospectra. In order to
prevent the horizontal velocity component from interfering
with the vertical velocity component, a coordinate rotation
correction [28] was conducted first, after which the MRD
cospectra were calculated and 𝜏gap values were determined.

To understand the effect of mesoscale motions on appli-
cation ofMOST, the flux-gradient and flux-variance relation-
ships were studied by comparing these relationships when
the mesoscale motions are excluded with those when the
mesoscale motions are not excluded. As to the flux-gradient
relationship, five widely used universal functions [21–25]
(Table 2) were employed to evaluate the impact of mesoscale
motions on MOST. As to the flux-variance relationship, the
empirical function proposed by Panofsky et al. [36] was used
to fit the flux-variance relationship for wind speed:

𝜎𝑤
𝑢∗
= 𝛼 (1 + 𝛽𝜁)

1/3
, (1)

where 𝜎𝑤 is the standard deviation of vertical velocity, 𝑢∗ is
the friction velocity, 𝜁 is the atmospheric stability (where 𝜁 =
𝑧/𝐿with 𝑧 as height and 𝐿 as the Obukhov length), and 𝛼 and
𝛽 are the fit coefficients. As to the flux-variance relationship

for temperature, it is generally assumed that the relationship
between the normalized standard deviation of temperature
(𝜎𝑇/𝑇∗) and atmospheric stability (𝜁) follows the −1/3 power
law [37, 38]:

𝜎𝑇
𝑇∗
= 𝐶 (−𝜁)−1/3 , (2)

where𝜎𝑇 is the standard deviation of temperature fluctuation,
𝑇∗ is the characteristic temperature, and 𝐶 is a fit coefficient.
With respect to humidity, because of the weak water vapor
exchange in arid areas, there is great uncertainty in the
humidity gradient; thus we do not conduct an analysis of
humidity in this research.

The equation for surface energy balance over a homoge-
neous bare soil surface can be expressed as

𝑅𝑛 − 𝐺0 = 𝐻 + 𝜆𝐸, (3)

where 𝑅𝑛 is the net radiation, 𝐺0 is the surface soil heat flux,
𝐻 is the sensible heat flux, 𝜆𝐸 is the latent heat flux, 𝑅𝑛−𝐺0 is
called the available energy, and𝐻+𝜆𝐸 is called the turbulent
flux.The surface energy balance closure is evaluated using the
EBR (energy balance ratio) method [6]. EBR is defined as

EBR = ∑ (𝐻 + 𝜆𝐸)
∑ (𝑅𝑛 − 𝐺0)

. (4)
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EBR reflects the long-term surface energy balance.Thehourly
energy balance ratio is defined as

EBRℎ =
𝐻 + 𝜆𝐸

𝑅𝑛 − 𝐺0
, (5)

where𝐻 + 𝜆𝐸 is the hourly turbulent flux and 𝑅𝑛 − 𝐺0 is the
hourly available energy.

2.3. Experimental Design. In order to understand the impact
of mesoscale motions on MOST and the surface energy
balance, three methods (experiments) were designed to
exclude mesoscale motions, and their results were compared.

EMT 1: 𝜏 = 30min, with records of 𝜏gap < 1min
unremoved.
EMT 2: 𝜏 = 30min, with records of 𝜏gap < 1min
removed.
EMT 3: 𝜏 = 𝜏gap, with records of 𝜏gap < 1min
removed.

For ease of comparison, the hourly averaged fluxes were
calculated in each experiment. In the three experiments,
there were some records where 𝜏gap were less than 1min,
and the turbulent fluxes of these records were not calculated
directly using 𝜏 = 𝜏gap. One reason is that the minimum
optional timescale to implement the data processing and flux
calculation in the Edire software is 1min; another reason is
that if very few data are used to calculate turbulent fluxes,
there may be great errors in the data processing and flux
calculation. Therefore, the effect of mesoscale motions on
turbulent fluxes in records where 𝜏gap < 1min was analyzed
by comparing EMT 1 with EMT 2. In order to completely
remove the mesoscale motions, the turbulent fluxes were
further calculated using 𝜏 = 𝜏gap in EMT 3 on the basis
of EMT 2. It should be noted that when 𝜏gap is determined
by MRD method, the MRD method can determine the
cospectral values only at 2𝑛Δ𝑡 (𝑛 is an integer, Δ𝑡 = 0.055 s).
For the convenience of calculating hourly averaged fluxes,
we, respectively, adopted 𝜏 = 1min, 2min, 4min, 10min,
15min, 30min, or 60min (approximately corresponding to
𝜏gap = 2

10Δ𝑡, 211Δt, 212Δt, 213Δt, 214Δt, 215Δt, and 216Δt)
to calculate turbulent fluxes in EMT 3; the hourly averaged
turbulent fluxes were then calculated.

2.4. Data Selection. Because of frost, snow, and other severe
weather conditions, 41 hours of low-quality data were
removed. Furthermore, the hours near sunrise (8:00–10:00)
and sunset (17:00–19:00) were also excluded, as atmospheric
motion is usually unsteady at these times. The records
whoseMRD cospectrum had no obvious cospectral gap were
excluded. In the analysis of MOST, the data with 𝑢∗ <
0.05m/s or −0.05 < 𝑇∗ < 0.05 were excluded. In the analysis
of surface energy balance closure, the data with −10W/m2 <
𝑅𝑛−𝐺0 < 10W/m2 were removed because the energy balance
closure is inaccurate when 𝑅𝑛 − 𝐺0 (denominators of EBR
and EBRℎ) is close to 0W/m2. Finally, 1030 and 1110 hours of
data remain in the analysis of MOST and the surface energy
balance, respectively.

3. Results

3.1. Impact of Mesoscale Motion on Similarity Theory.
Mesoscalemotions limit the application ofMOST in complex
meteorological conditions by affecting the flux-gradient and
flux-variance relationships.The impact of mesoscale motions
on the flux-gradient relationship for wind speed is analyzed
first. Figure 3 shows the flux-gradient relationship before and
after mesoscale motions are excluded, and five commonly
used universal functions [21–25] are depicted. Figure 3 indi-
cates that the dependence of the dimensionless velocity gra-
dient (𝜑𝑚) on atmospheric stability (𝜁) can bewell established
whether or not mesoscale motions are excluded. However,
there is a large scatter in the relationship between 𝜑𝑚 and
𝜁 before mesoscale motions are removed (Figure 3(a)), and
the scatter is even larger in stable conditions. The scattered
points mainly correspond to the records with 𝜏gap < 1min,
and there are 114 of these records, accounting for 11.1% of
the analyzed samples. After the records with 𝜏gap < 1min
are removed by the EMT 2 method (Figure 3(b)), the scatter
between 𝜑𝑚 and 𝜁 is significantly reduced, especially in stable
conditions. Aftermesoscalemotions are thoroughly excluded
by the EMT 3method (Figure 3(c)), the relationship between
𝜑𝑚 and 𝜁 is further improved, but the observed values of
𝜑𝑚 become smaller than the values estimated using the five
universal functions in stable conditions. Through comparing
the five universal functions with the observed results, the
universal function proposed by Businger et al. [21] is found to
be closest to the observed results after mesoscale motions are
thoroughly excluded, so we quantify the difference between
the universal function of Businger et al. and the observed
results and list it in Table 3. Table 3 indicates that, in unstable
conditions, the exclusion of mesoscale motions by the EMT
3 method makes the observed values of 𝜑𝑚 closer to the
values estimated using the universal function of Businger et
al. [21]. However, the result is opposite in stable conditions:
the observed values of 𝜑𝑚 become smaller than the values
estimated by the universal function, and the larger the 𝜁 is,
the larger the deviations will be.

The flux-variance relationship for wind speed is shown
in Figure 4. Whether atmospheric stratification is stable or
unstable, the relationship between the normalized standard
deviation of vertical velocity (𝜎𝑤/𝑢∗) and atmospheric stabil-
ity (𝜁) essentially follows the 1/3 power law. Nevertheless, in
EMT 1 (Figure 4(a)), there is a large scatter in the relationship
between 𝜎𝑤/𝑢∗ and 𝜁, and the rootmean square errors (RMS)
are 0.26 and 0.22 for the conditions where 𝜁 < 0 and
𝜁 > 0, respectively. After mesoscale motions are removed
by the EMT 2 method (Figure 4(b)), there is an obvious
decrease in the scatter between 𝜎𝑤/𝑢∗ and 𝜁, and the RMS
is reduced by 0.14 and 0.09 for conditions where 𝜁 < 0 and
𝜁 > 0, respectively. Moreover, after mesoscale motions are
thoroughly excluded by the EMT 3 method (Figure 4(c)),
the scatter between 𝜎𝑤/𝑢∗ and 𝜁 is further decreased, and
a more perfect relation results. The RMS is decreased by
0.03 when 𝜁 > 0 but is increased by 0.06 when 𝜁 < 0.
The disappointing result where 𝜁 < 0 is related to the large
scatter in very unstable conditions. After mesoscale motions
are excluded, the fit coefficients are also obviously changed:
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Figure 3: Relationship between dimensionless velocity gradient (𝜑𝑚) and atmospheric stability (𝜁) for (a) EMT 1, (b) EMT 2, and (c) EMT 3.
Blue and black triangles are the records with 𝜏gap < 1min and 𝜏gap ≥ 1min, respectively. Red, blue, grey, green, and yellow solid lines are the
universal functions proposed by Businger et al. [21], Dyer [22], Wieringa [23], Högström [24] and Foken [25], respectively.

Table 3: Differences between observed values of 𝜑𝑚 and values estimated using universal function of Businger et al. [21].

𝜁
Unstable Stable

−2.0–−1.5 −1.5–−1.0 −1.0–−0.5 −0.5–0 0–0.5 0.5–1.0 1.0–1.5 1.5–2.0
EMT 1 0.44 0.74 0.44 0.06 0.01 −0.23 −1.18 −3.07
EMT 2 0.14 0.00 0.05 0.00 −0.01 −0.48 −1.15 −3.31
EMT 3 0.01 −0.09 0.02 0.01 −0.22 −1.01 −1.99 −3.07
Note. 𝜁 is atmospheric stability. EMT 1, EMT 2, and EMT 3 correspond to Figures 3(a)–3(c), respectively. Positive values indicate observed values are greater
than estimated ones; negative values indicate the opposite.
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Figure 4: Relationship between normalized standard deviation of vertical velocity (𝜎𝑤/𝑢∗) and atmospheric stability (𝜁) for (a) EMT 1, (b)
EMT 2, and (c) EMT 3. Blue and black triangles are records where 𝜏gap < 1min and 𝜏gap ≥ 1min, respectively. Red line is the fitted curve, and
RMS is the root mean square error relative to the fitted curve.
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Figure 5: Same as Figure 3, but for the dimensionless temperature gradient (𝜑ℎ). The universal functions proposed by Högström [24] and
Foken [25] are almost the same when 𝜁 > 0.

𝛼 is increased and 𝛽 is decreased (absolute values) in either
stable or unstable conditions.

The impact of mesoscale motions on the flux-gradient
and flux-variance relationship for temperature is similar to
the case for wind speed. The flux-gradient relationship for
temperature is shown in Figure 5. After mesoscale motions
are excluded, the scatter between the dimensionless tempera-
ture gradient (𝜑ℎ) and atmospheric stability (𝜁) shows an evi-
dent decrease, especially in stable conditions. The observed
values of 𝜑ℎ become smaller than the values estimated by
the five universal functions in stable conditions. Among the

five universal functions, the results of the universal function
proposed byBusinger et al. [21] are still closest to the observed
results. Table 4 quantitatively compares the observed values
of 𝜑ℎ and those estimated using the universal function of
Businger et al. [21]. Table 4 shows that, after mesoscale
motions are excluded by the EMT 3 method, the observed
values of 𝜑ℎ are slightly higher than the estimated values
in unstable conditions. Meanwhile, in stable conditions, the
observed values of 𝜑ℎ become smaller than the estimated
values, and the larger the 𝜁 is, the larger the deviations
will be. The flux-variance relationship for temperature is
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Table 4: Differences between observed values of 𝜑ℎ and values estimated using the universal function of Businger et al. [21].

𝜁
Unstable Stable

−2.0–−1.5 −1.5–−1.0 −1.0–−0.5 −0.5–0 0–0.5 0.5–1.0 1.0–1.5 1.5–2.0
EMT 1 0.06 0.15 0.10 0.41 0.46 0.43 −0.92 −3.30
EMT 2 0.06 0.15 0.18 0.35 0.11 −0.60 −2.02 −4.96
EMT 3 0.10 0.21 0.23 0.36 −0.38 −1.34 −2.48 −3.45
Note. 𝜁 is atmospheric stability. EMT 1, EMT 2, and EMT 3 correspond to Figures 5(a)–5(c), respectively. Positive values indicate observed values are greater
than estimated ones; negative values indicate the opposite.

shown in Figure 6. After mesoscale motions are excluded,
the scatter between the normalized standard deviation of
temperature (𝜎𝑇/𝑇∗) and atmospheric stability (𝜁) clearly
decreases, especially in stable conditions. The fit coefficients
between 𝜎𝑇/𝑇∗ and 𝜁 obviously decrease. Moreover, the
relationship between 𝜎𝑇/𝑇∗ and 𝜁 clearly deviates from the
−1/3 power law after mesoscale motions are excluded.

3.2. Impact of Mesoscale Motion on Surface Energy Balance.
After mesoscale motions are removed, the decreased scatter
in similarity relations reflects that the turbulent fluxes are
significantly improved and the research results can more
accurately describe the actual characteristics of atmospheric
turbulence. However, the effect of the improved turbulent
fluxes on the surface energy transfer needs to be further
studied.Therefore, the effect ofmesoscalemotions on surface
energy balance is analyzed in this section.The energy balance
closure problem is related to multiple factors. To investigate
the effect of mesoscale motions on surface energy balance
closure, it is necessary to exclude other influencing factors
first. The main components of the energy balance closure
problem can be summarized as follows: heterogeneous sur-
faces [39], canopy heat storage [7], low-frequency loss [35],
uncertainty in determining surface soil heat flux [40], and
instrument footprint-scale mismatch [8]. The effects of a
heterogeneous surface, canopy heat storage, low-frequency
loss, and instrument footprint-scale mismatch are negligible
because the data used in this study were observed on a
homogeneous bare soil surface, and several data processing
methods (see Site Description and Instrumentation section)
are used to guarantee the quality of turbulence data. However,
the uncertainty in determining the surface soil heat flux
is relatively large. Thus, three commonly used methods
(PlateCal method [41], TDEC method [42], and Harmonic
method [43]) were adopted to calculate the surface soil heat
flux, based on which we analyze the effect of mesoscale
motions on the surface energy balance and examine whether
there are essential differences among the results when 𝐺0 is
calculated using those three methods.

The research of surface energy balance usually shows
that the available energy is greater than the turbulent flux
(0 < EBRℎ < 1). However, some researches [44] also
noted that there are some outliers with EBRℎ > 1 or
EBRℎ < 0. When the observation data are used to validate
and improve the numerical models, these energy balance
closure outliers with instant scale will exert a serious impact
on the model verification. Mesoscale motions result in much
uncertainty in the observed turbulent fluxes, which is likely

to increase the number of EBRℎ outliers. Figure 7 shows
the daily change in the number of EBRℎ outliers before
and after the exclusion of mesoscale motions. Figure 7
indicates that the effect of mesoscale motions on EBRℎ
outliers occurs mainly at night, and no matter which method
is used to calculate 𝐺0, the number of EBRℎ outliers at
night is significantly reduced after mesoscale motions are
removed. The exclusion of mesoscale motions by the EMT
2 method decreases the number of EBRℎ outliers by 47.2%,
40.2%, and 22.4% during the nighttime, corresponding to
the use of the PlateCal, TDEC, and Harmonic methods,
respectively, in calculating 𝐺0. After mesoscale motions are
further excluded by the EMT 3 method, the number of EBRℎ
outliers during the night decreases by 52.0%, 46.7%, and
28.3%, respectively, corresponding to the three methods of
calculating 𝐺0. After mesoscale motions are excluded, the
total number of EBRℎ outliers during the night decreases by
68.1%, 62.2%, and 33.9%, respectively, corresponding to the
above three methods for calculating 𝐺0, which indicates that
mesoscalemotions are an important reason for EBRℎ outliers.

To analyze the effect of mesoscale motions on EBR,
the daily change in EBR before and after the exclusion of
mesoscale motions is shown in Figure 8. The removal of
mesoscale motions exerts little effect in the daytime but
has obvious effects on EBR during the nighttime. There
are significant differences in EBR when 𝐺0 is calculated by
different methods. However, no matter which method is
used to calculate 𝐺0, EBR during the nighttime is improved
after mesoscale motions are excluded. In the EMT 1, EBR
during the night is 55.0%, 53.3%, and 60.9%, corresponding
to the use of the PlateCal, TDEC, and Harmonic methods,
respectively, in calculating 𝐺0. After mesoscale motions are
excluded by the EMT 2 method, EBR increases dramatically
at all hours of the night and increases to 60.5%, 58.8%, and
65.3%, corresponding to the use of the three methods in
calculating 𝐺0, respectively. When mesoscale motions are
further excluded by the EMT 3method, EBR during the night
further increases to 60.8%, 59.1%, and 65.7% corresponding
to the above three 𝐺0 calculation methods, respectively, and
its variation becomes smoother. In other words, the exclusion
of mesoscale motions increases the EBR during the night by
5.8%, 5.8%, and 4.8% corresponding to the above three 𝐺0
calculation methods, respectively. These results suggest that
mesoscale motions have a significant influence on EBR and
perhaps reduce the surface energy balance closure during the
night.

Recent research has shown that surface energy balance
closure is determined by the turbulence intensity [34], and
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Figure 6: Same as Figure 4, but for normalized standard deviation of temperature (𝜎𝑇/𝑇∗).
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Figure 7:Daily change in number of energy balance ratio (EBRℎ) outliers. EBRℎ outliers are defined as the recordswith EBRℎ < 0 or EBRℎ > 1.
(a), (b), and (c) are, respectively, cases where 𝐺0 was calculated using the PlateCal, TDEC, and Harmonic methods.

the former increases with the strengthening of the latter.
When turbulent mixing is weak, the surface energy balance
closure is usually low and the mesoscale motions are active,
for which reason the effect of mesoscale motions is likely
the reason for poor energy balance closure. Since mesoscale
motions impact energy balance closure mainly at night, the
change in EBR with the relative vertical turbulent intensity
(RI𝑤) during the night is analyzed using the method of Zuo
et al. [34]. Figure 9 shows that the exclusion of mesoscale
motions increases EBRwhen turbulentmixing is weak, which
is independent of the𝐺0 calculation method. However, when
turbulent mixing is weak, EBR is still generally low, even after
mesoscale motions are excluded. Considering that mesoscale
motions can also contribute to the energy transport [16, 45],

the energy exchangemay occurmainly bymesoscalemotions
when turbulent mixing is weak, and the contribution of
turbulence is small. If the energy transport by mesoscale
motions can be accurately measured, the energy balance
closure should be further improved when turbulent mixing
is weak.

4. Conclusions and Discussions

Atmospheric motions have multiscale characteristics, and
although these scales are distinguishable from one another,
they interact and are closely correlated. The relationship
between turbulence and mesoscale motions also follows this
rule. With the help of the spectral gap in the atmospheric
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Figure 8: Daily change in energy balance ratio (EBR). (a), (b), and (c) are, respectively, cases where 𝐺0 was calculated using the PlateCal,
TDEC, and Harmonic methods.

motion spectrum, turbulence can be separated from larger
scale motions, and the atmospheric turbulence is studied
independently. However, if the turbulence is not strictly
extracted according to the spectral gap, the research results
may be affected by the mesoscale motions and cannot reflect
the actual characteristics of the turbulence. The effect of
mesoscale motions can be reflected in the applicability of
MOST and the surface energy balance closure and addsmuch
difficulty to the study of these two issues. In much of the
relevant research, the disturbance of heterogeneous surface
and vegetation-covered surface also adds much uncertainty
to these two fields of study. Therefore, in this study we
conducted an experiment on a homogeneous bare soil surface

and investigated the impact of mesoscale motions on MOST
and the surface energy balance.

Our study indicates that mesoscale motions do not
follow MOST, so the application of MOST is limited once
turbulent fluxes are contaminated by mesoscale motions;
this is reflected in the scatter of the similarity relations
and the applicability of universal functions. On the one
hand, MOST mainly depicts the key feature of turbulence
in the boundary layer, but the contamination of mesoscale
motions results in scattered similarity relations. The simi-
larity relations become scattered in both stable and unstable
conditions, but especially in stable conditions. On the other
hand, the universal functions of similarity theory successfully
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Figure 9: Relationship between energy balance ratio (EBR) and relative vertical turbulent intensity (RI𝑤). (a), (b), and (c) are, respectively,
cases where 𝐺0 was calculated using the PlateCal, TDEC, and Harmonic methods.

describe the relationship between normalized physical vari-
ables and the atmospheric stability in the boundary layer,
but mesoscale motions cause the turbulent characteristic
values to deviate from the estimated values of MOST, which
limits the applicability of the original universal functions
to a certain extent. This is revealed by the fact that the
removal of mesoscale motions makes the observed values of
the dimensionless velocity gradient (𝜑𝑚) and dimensionless
temperature gradient (𝜑ℎ) in stable conditions less than the
estimated values of all five types of universal functions.
Furthermore, the more stable the atmosphere is, the larger
the deviations will be. Meanwhile, the exclusion of mesoscale
motions also causes obvious changes to the fit coefficients
of the flux-variance relationship and makes flux-variance
relationship for temperature clearly deviate from the −1/3
power law.

Mesoscale motions also affect the energy balance closure.
Mesoscale motions introduce great uncertainty into the tur-
bulent fluxes, which yields quite a number of energy balance
closure outliers and decreases the energy balance ratio. The
influence ofmesoscalemotions on the surface energy balance
exists in both daytime and nighttime and is especially obvious
during the night and weak turbulent mixing periods. During
the night, the number of energy balance closure outliers drops
dramatically, and the energy balance ratio increases evidently
with the exclusion of mesoscale motions. This suggests that
mesoscale motion is an important reason for the poor energy
balance closure at night. However, when turbulent mixing
is weak, the energy balance closure is still low, even after

mesoscale motions are excluded, which indicates that the
energy transport is not completely undertaken by turbulence
at this time, and mesoscale motions may also contribute to
the energy transport.

Excluding mesoscale motions can effectively reduce the
uncertainty in the study ofMOST and surface energy balance
closure, but some new problems also emerge. These new
problems mainly include the enlargement of the deviation
of the values estimated by the MOST universal functions
from the observations and the deviation of the flux-variance
relationship for temperature from the −1/3 power law. More
high-quality observation data are needed to confirm the
results revealed in the present study and to improve MOST.
In the analysis of the surface energy balance, mesoscale
motions are excluded, while previous studies have revealed
that mesoscale motions can actually transport energy and
matter near the surface [16, 45, 46]. However, the spatial
and temporal scales of mesoscale fluxes are very large, and
the intensity and direction of vertical transport are inhomo-
geneous in the horizontal direction, for which reason the
energy flux transported by mesoscale motions is difficult to
detect accurately at a single tower site [16, 47]. Therefore, the
energy balance closure is often better when turbulent mixing
is strong than when turbulent mixing is weak. In the future,
it is necessary to observe the mesoscale fluxes on a larger
spatial scale by observation means such as radar, aircraft, and
multitowers. If the energy transported by mesoscale motions
can be accurately measured, the energy balance closure
during the night and weak turbulent mixing periods should
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be better than the current study, where the disturbances from
mesoscale motions are removed.
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