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A B S T R A C T

The Taklimakan Desert is characterized by strong thermal forcing and a heterogeneous underlying surface, where 
sub-mesoscale motions and turbulence intermittency occur frequently and interfere with the accurate evaluation 
of land-atmosphere exchange fluxes. Based on a summer observation campaign at Tazhong Station, this study 
develops a spectra-based automatic classification algorithm that classifies the influence of sub-mesoscale motions 
and turbulence intermittency into four regimes. Regime 1, no intermittency and no influence of sub-mesoscale 
motions; Regime 2, large-scale intermittency with influence of sub-mesoscale motions; Regime 3, small-scale 
intermittency without influence of sub-mesoscale motions; and Regime 4, full-scale intermittency with influ
ence of sub-mesoscale motions. The classification results show that Regimes 2 and 4, corresponding to large-scale 
and full-scale intermittency, occur most frequently. Large-scale intermittency can occur under almost any wind 
speed and stability conditions, but is stronger under nocturnal weak-wind stable conditions. Full-scale inter
mittency occurs predominantly under nocturnal weak winds or under near-neutral conditions with relatively 
strong winds during the day-night transition. For Regimes 2 and 4, empirical relationships are derived that relate 
large-scale and small-scale intermittency strengths to wind speed and wind shear, enabling automatic identifi
cation of turbulent intermittency. By removing sub-mesoscale motions, turbulent statistics are corrected for each 
regime and empirical correction schemes are proposed, which effectively improve estimates of turbulence in
tensity and counter-gradient transport in Regimes 2 and 4. These results deepen understanding of turbulent 
intermittency over the Taklimakan Desert and improve parameterizations of turbulent transport, with important 
implications for weather and climate predictions.

1. Introduction

The Taklimakan Desert (TD), located in Central Asia, is the world's 
second-largest shifting sand desert, where dust events and seasonal local 
dust storms occur frequently (Gong et al., 2003; Zhang et al., 2003; Chen 
et al., 2017a, 2017b). Dust particles from the Taklimakan Desert can be 
lifted to high altitudes and subsequently transported over long distances, 
which not only affects the ecological environment and human health 
throughout East Asia, but also makes the desert an important source 

region of global dust aerosols (Zhang et al., 2008; Hu et al., 2019; Meng 
et al., 2020; Xiong et al., 2023; Elshora et al., 2024). This is closely 
related to the unique structure of the atmospheric boundary layer over 
the Taklimakan Desert. In this region, the boundary layer and turbulent 
motions are primarily characterized by strong thermal forcing and 
pronounced non-stationarity, with boundary layer heights typically 
reaching 4–6 km (Wang et al., 2016, 2019). The atmospheric boundary 
layer is more stable at night and more unstable during the daytime, 
exerting important influences on regional weather, climate, and 
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atmospheric circulation. Therefore, investigating the characteristics and 
mechanisms of turbulent transport in the atmospheric boundary layer 
over the Taklimakan Desert is of great importance for improving 
regional weather forecasting, climate prediction, and air quality 
assessment, and even for understanding its environmental effects on the 
global scale.

As the dynamical core of land-atmosphere exchange, turbulence in 
the atmospheric boundary layer directly regulates the fluxes of mo
mentum, heat, water vapor, and trace gases between the surface and the 
atmosphere, and it also determines aerosol fluxes, vertical distributions, 
and near-surface concentrations (Conte et al., 2021; Ren et al., 2021; 
Wei et al., 2022). Therefore, accurate estimation and physical charac
terization of turbulent statistical quantities are prerequisites for credible 
atmospheric boundary layer parameterizations and numerical models. 
However, in practical applications, surface heterogeneity and non- 
stationary atmospheric conditions increase the scatter in estimates of 
turbulent statistics and enhance the uncertainty of turbulence similarity 
functions (Vickers and Mahrt, 1997; Bou-Zeid et al., 2020; Pfister et al., 
2021; Liu et al., 2025). If not properly identified and corrected, these 
biases propagate from the observational stage into parameterizations 
and numerical simulations, potentially affecting subsequent model ap
plications. Previous studies have shown that substantial differences in 
sensible heat flux can cause marked differences in the daytime growth of 
the convective boundary layer over the Taklimakan Desert in summer 
(Xu et al., 2018). Uncorrected biases also interfere with the calibration 
of key land-surface parameters, such as surface roughness and soil 
thermal and moisture properties, in desert regions (Liu et al., 2012). 
Accurate estimation of turbulent quantities in the Taklimakan Desert is 
therefore essential for understanding land atmosphere interactions in 
desert areas and for improving parameterization schemes used in 
regional and global models.

In the atmospheric boundary layer over the Taklimakan Desert, 
which is characterized by strong thermal forcing and pronounced non- 
stationarity, biases in the evaluation of turbulent transport are 
strongly influenced by sub-mesoscale motions and turbulence inter
mittency. Mahrt (1989, 1999) divided turbulence intermittency into 
large-scale intermittency and small-scale intermittency. Large-scale 
intermittency refers to brief bursts of turbulence embedded within pe
riods of relatively weak fluctuations (Mahrt, 1999; Van de Wiel et al., 
2002; Ohya et al., 2008). It is often driven by non-stationarity imposed 
on the mean flow by motions with time scales longer than those of 
turbulence, i.e., sub-mesoscale motions such as gravity waves, density 
currents, and microfronts (Mahrt, 2010; Sun et al., 2015a, 2015b; Cava 
et al., 2019; Vercauteren et al., 2019; Mahrt and Bou-Zeid, 2020). Sub- 
mesoscale motions commonly manifest as an anomalous enhancement 
of low-frequency energy in the spectrum (Lan et al., 2018; Lehner and 
Rotach, 2023). Removing the contributions of sub-mesoscale motions 
from turbulent time series can effectively correct biases in the estimated 
turbulent statistics and thus yield more intrinsic turbulence statistics. 
Durden et al. (2013) found that the presence of sub-mesoscale motions 
can increase turbulent statistical quantities by about 50%. Ren et al. 
(2019) further reported that differences in the underlying surface affect 
the correction results: over a suburban surface, turbulent momentum, 
heat, and water vapor fluxes are overestimated by about 13%, 12%, and 
15%, respectively.

By contrast, intermittency that occurs within large eddies is referred 
to as small-scale intermittency (Mahrt, 1999) and is an intrinsic 
component of fine-scale turbulence (Kolmogorov, 1962; Obukhov, 
1962). Small-scale intermittency is often diagnosed from variations in 
physical quantities in the turbulent field: the energy dissipation rate 
deviates from a constant (Meneveau and Sreenivasan, 1991); statistical 
quantities exhibit non-Gaussian probability distributions (Sorriso-Valvo 
et al., 2000; Chevillard et al., 2006); and the scaling properties depart 
from the Kolmogorov similarity laws (Sreenivasan and Kailasnath, 1993; 
Klipp and Mahrt, 2004). Theoretically, the inertial subrange of the tur
bulent energy spectrum is commonly assumed to be isotropic 

(Kolmogorov, 1941). However, observations show that even within this 
range significant anisotropy and small-scale intermittency may still be 
present (Wei et al., 2019). This challenges assumptions commonly used 
in numerical modeling frameworks (Banhos and Matheou, 2025). At the 
same time, commonly used spectral correction procedures based on the 
Kaimal et al. (1972) spectral model for turbulence data preprocessing 
(Kroon et al., 2010) generally do not explicitly account for the high- 
frequency deviations induced by small-scale intermittency. As a result, 
the preprocessed data may fail to faithfully represent small-scale fea
tures, thereby reducing the credibility of subsequent analyses or simu
lations. Desert regions are characterized by strong thermal forcing and 
deep boundary layers, which can complicate the interactions between 
turbulence and sub-mesoscale motions. Improving our understanding of 
turbulence intermittency over the Taklimakan Desert is therefore 
important for further improving parameterization schemes in numerical 
models.

However, to date, studies on turbulence intermittency over the 
Taklimakan Desert have received relatively little attention. Most exist
ing works have focused only on either large-scale intermittency or small- 
scale intermittency, and the differences between intermittency at 
different scales remain unclear. Against this background, the present 
study starts from the spectral characteristics of turbulence and quanti
tatively investigates the impact of sub-mesoscale motions and turbu
lence intermittency within a unified theoretical and methodological 
framework. Within this framework, we develop an automatic classifi
cation algorithm for turbulence intermittency regimes, which objec
tively identifies large-scale intermittency, small-scale intermittency, and 
full-scale intermittency, where large-scale and small-scale intermittency 
coexist.

Specifically, this study (1) quantifies the occurrence frequency of 
each regime and its associated wind speed, wind shear, and stability 
conditions; (2) establishes empirical relationships linking intermittency 
strength to wind speed and wind shear, thereby facilitating the diagnosis 
of intermittency from routinely available meteorological variables; and 
(3) proposes regime-dependent correction relationships for land- 
atmosphere exchange quantities, with implications for observational 
post-processing and potential model parameterizations. The remainder 
of this paper is organized as follows. Section 2 describes the field 
campaign and methods, Section 3 presents the results and discussion, 
and Section 4 summarizes the main conclusions.

2. Data and methods

2.1. Field campaign

From 1 to 31 July 2023, an intensive summer observation campaign 
of turbulence in the boundary layer was carried out at Tazhong mete
orological station (39◦00′N, 83◦40′E). The observation period was 
broadly consistent with the long-term July climatology and is therefore 
considered representative of typical summer conditions. The Takli
makan Desert is located in the hinterland of the Tarim Basin and is 
surrounded by the Tianshan, Kunlun, and Pamir Mountains. The region 
has a typical warm-temperate arid desert climate, with a mean annual 
precipitation of only 25.9 mm and a potential evaporation as high as 
3812.3 mm, indicating an extremely dry environment. Surface vegeta
tion is sparse, and the surrounding area is covered by undulating shifting 
sand dunes. Tazhong Station (Fig. 1a), located more than 200 km from 
the desert margin in the hinterland of the Taklimakan Desert, is 
currently the only long-term field scientific observation station in the 
world built deep within active sand and is therefore highly 
representative.

The observational system consists of a 10 m meteorological tower 
and an independent eddy-covariance system (Fig. 1b). The meteoro
logical tower has five observation levels at heights of 0.5, 1, 2, 4, and 10 
m. At each level, temperature and humidity sensors (HMP45C, Vaisala 
Co., Finland) and wind speed and direction sensors (Wind Observer II- 
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65, Gill Instruments Ltd., UK) were installed to observe the vertical 
variations of near-surface air temperature, humidity, wind speed, and 
wind direction. The gradients of temperature and wind speed were 
calculated from the measurements at 2 m and 10 m. The eddy- 
covariance system was mounted on an independent frame at a height 
of about 3 m above the ground and consists of a three-dimensional sonic 
anemometer and an open-path gas analyzer (IRGASON, Campbell Sci
entific Inc., USA). It sampled at 10 Hz and was used to obtain high- 
frequency turbulent data, including the three components of wind ve
locity, temperature, and water vapor and carbon dioxide concentrations.

2.2. Quantitative characterization of the strength of turbulence 
intermittency

The 10 Hz raw turbulence data were pre-processed using the Eddy
Pro software (v 6.2.1, LI-COR Bioscience Inc., USA). The averaging in
terval was set to 30 min, and the main processing steps included error 
flags, despiking, double coordinate rotation, and detrending.

In this study, two indices are used: the Local Intermittency Strength 
of Turbulence (LIST; Ren et al., 2019) to characterize the strength of 
large-scale intermittency, and the Intermittency Factor (IF; Wei et al., 
2019) to quantify the strength of small-scale intermittency. 

1) Local Intermittency Strength of Turbulence(LIST)

In this study, the LIST index is calculated using an automatic algo
rithm for the separation and reconstruction of sub-mesoscale and tur
bulent motions (SMT; Ren et al., 2019, 2023). This algorithm is based on 
the Hilbert-Huang transform and examines the second-order Hilbert 
spectrum of 30 min time series of meteorological fluctuations (uʹ, v́ , wʹ, 
potential temperature θʹ, water vapor density q́ , and CO2

ʹ). Frequency 
intervals in the second-order Hilbert spectrum where the slope is close to 
zero or the values remain nearly constant are identified as spectral gaps. 
The corresponding gap frequency is multiplied by the low-frequency 
growth portion of the energy spectrum, and this gap frequency is then 
taken as the critical frequency separating sub-mesoscale motions from 
turbulent motions. The components with frequencies lower than the 
critical frequency are defined as sub-mesoscale motion signals usub

ʹ, vsub
ʹ, 

wsub
ʹ, θsub

ʹ, qsub
ʹ, and CO2sub

ʹ, whereas those with frequencies higher than 
the critical frequency are defined as turbulent motion signals uturb

ʹ, vturb
ʹ, 

wturb
ʹ, θturb

ʹ, and CO2turb
ʹ. The SMT algorithm yields pure turbulent mo

tions with sub-mesoscale motions removed. The kinetic energy of tur
bulent motions (TKE) and the kinetic energy of sub-mesoscale motions 
(SKE) are then defined based on the separated turbulent and sub- 
mesoscale components: 

TKE =
1
2
(
u'2

turb + v'2
turb + w'2

turb

)
(1) 

SKE =
1
2
(
u'2

sub + v'2
sub + w'2

sub

)
(2) 

Furthermore, LIST is given by: 

LIST =

̅̅̅̅̅̅̅̅̅
TKE

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TKE + SKE

√ (3) 

Physically, it is the ratio of the intensity of turbulent motions to that 
of sub-mesoscale motions in the fluctuation signals of meteorological 
variables, and thus characterizes the strength of turbulent motions in the 
original fluctuation signal. Values of LIST approaching 1 indicate that 
turbulent motions dominate the original fluctuations and the influence 
of sub-mesoscale motions is weak. In contrast, smaller LIST values 
indicate a reduced contribution from turbulent motions and a stronger 
influence of sub-mesoscale motions. 

2) Intermittency Factor(IF)

IF (Wei et al., 2019) quantifies intermittency by measuring the de
viation of the scaling exponent in the Hilbert spectrum from the Kol
mogorov (1941, K41) linear scaling. Extending the application of IF to 
different turbulent variables, we define IFx (as) 

IFx = (ξ(q) − 1 ) −
q
3

(4) 

where x denotes uʹ, v́ , wʹ, θʹ, qʹ, and CO2
ʹ. The function ξ(q) is the scaling 

exponent obtained from the Hilbert spectral analysis of order q, and it 
describes the distribution of turbulent energy across different scales 
(frequencies). q3 is the scaling exponent predicted by the K41 theory for 
homogeneous and isotropic turbulence. In this study, we set q = 2, i.e., 
we consider only the second-order Hilbert spectrum, in order to keep the 
analysis consistent with the framework used for spectral gap identifi
cation. Smaller values of IFx indicate a larger deviation from K41, 
meaning that the inertial subrange part of the energy spectrum does not 
follow the scaling law E(k)∝k− 5/3, and the small-scale intermittency is 
stronger.

In analogy with the definition of LIST, the composite IF is defined as 
follows: 

IF =
1
3
(IFú + IFv́ + IFẃ ) (5) 

Fig. 1. (a) Topographic map around the Taklimakan Desert and the location of the Tazhong meteorological station (from Wang et al., 2019); (b)10 m meteorological 
tower and eddy-covariance system.
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2.3. An automated method for classifying turbulent intermittency regimes

Spectral analysis of the experimental data shows that intermittency 
can be classified into four regimes: no intermittency (Regime 1), large- 
scale intermittency (Regime 2), small-scale intermittency (Regime 3), 
and full-scale intermittency (Regime 4), in which large-scale and small- 
scale intermittency coexist. In the energy spectrum, large-scale inter
mittency acts mainly in the energy-containing range and manifests as a 
deviation from the classical spectrum proposed by Kaimal et al. (1972)
at low frequencies, with an abnormal increase in energy toward lower 
frequencies. Small-scale intermittency primarily affects the inertial 
subrange, where the K41 scaling is not satisfied and the spectral slope 
deviates significantly from the theoretical value of − 5/3.

To enable rapid diagnosis of turbulence states based on spectral 
characteristics, identify the dominant intermittency scales, and locate 
the key physical processes associated with Regimes 2–4, we develop an 
automatic classification algorithm for turbulence intermittency. A 

flowchart of this procedure is shown in Fig. 2. Specifically, (a) the high- 
frequency fluctuation data preprocessed by EddyPro are first input, and 
the index IFx is calculated according to Section 2.2. The probability 
distributions of IFx for all data of each variable are compiled (figure not 
shown). Because the range and shape of the IFx distributions differ 
among velocity components and scalars, using a single universal 
percentile would not yield an equivalent criterion for identifying strong 
departures across variables. The thresholds are therefore chosen by 
considering the robustness of inertial-subrange slope fitting for each 
variable, which is generally more stable for horizontal velocity compo
nents than for the vertical velocity component and scalars. Based on the 
characteristics of each variable, the IFx values corresponding to the 
lowest 15% (for u and v), 30% (for w), or 40% (for θ, q, and CO2) of the 
distribution are taken as the threshold xth for that variable. This 
threshold is used to judge whether the spectral slope in the inertial 
subrange deviates significantly from − 5/3. (b) IFx is then compared with 
the threshold xth. If the IFxvalue of the input data is smaller than the 

Fig. 2. Flowchart of the automatic classification algorithm for regimes of turbulence intermittency.
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threshold, small-scale intermittency is considered to be present. (c) The 
SMT algorithm is then used to determine whether a spectral gap exists. If 
a spectral gap is identified, large-scale intermittency is considered to be 
present.

When the spectral slope in the inertial subrange is approximately 
− 5/3 and no spectral gap exists, the case is classified as Regime 1, 
corresponding to conditions without intermittency. When IFx is smaller 
than the threshold and a spectral gap is present, the case is regarded as 
having only large-scale intermittency and is assigned to Regime 2. When 
IFx is larger than the threshold and no spectral gap is present, the case is 
regarded as having only small-scale intermittency and is assigned to 
Regime 3. When the spectral slope in the inertial subrange deviates 
markedly from − 5/3 and a spectral gap is present, the case is classified 
as Regime 4, corresponding to full-scale intermittency in which both 
large-scale and small-scale intermittency coexist. To ensure the reli
ability of the classification, all results were manually checked, and the 
subsequent analysis is based on the revised classification. The occur
rence frequencies of the four regimes differ slightly among variables. For 
Regime 1, the fractions for u, v, w, θ, q, and CO2 are 8.5%, 5.2%, 12.7%, 
9.7%, 2.5%, and 4.0%, respectively; for Regime 2, they are 78.9%, 
79.2%, 56.1%, 52.1%, 50.2%, and 44.7%; for Regime 3, 1.4%, 2.0%, 
10.0%, 6.7%, 2.9%, and 3.5%; and for Regime 4, 11.2%, 13.7%, 21.1%, 
31.4%, 44.3%, and 47.8%, respectively. Except for CO2, for which the 

fraction of Regime 4 is slightly larger than that of Regime 2, Regime 2 
has the largest fraction for all variables, with the highest fractions for the 
horizontal wind components. These results indicate that large-scale 
intermittency occurs most frequently, that full-scale intermittency is 
much more prevalent for scalars than for wind speed, and that cases with 
only small-scale intermittency or without intermittency are generally 
rare. Therefore, Regime 2 and Regime 4 are the primary targets for 
correction in this study.

To further investigate the characteristics of fluctuations under 
different regimes, Fig. 3 shows time series of the original horizontal 
wind speed fluctuations uʹ and temperature fluctuations θʹ. For Regime 
1, both ú  and θʹ are very steady, with no pronounced trend. Compared 
with Regime 1, Regime 2 shows a pronounced low-frequency trend 
superimposed on the fluctuations and is influenced by “dirty waves” 
whose amplitude and period vary in time. The low-frequency control is 
more evident in θʹ. Regime 3 shows no obvious upward or downward 
trend, but is characterized by intermittent strong pulses, large variance, 
and asymmetric amplitudes, indicating that it is dominated by small- 
scale intermittency. In addition, the fluctuation range of uʹ is clearly 
larger than that of θʹ. Regime 4 displays the largest amplitude variations, 
with evident aperiodic behavior and strong coupling across scales, so 
that slowly varying low-frequency components coexist with intermittent 
bursts. Across the four regimes, the fluctuation characteristics of 

Fig. 3. Time series of horizontal wind speed fluctuations uʹ (a, c, e, g) and temperature fluctuations θ́  (b, d, f, h) for the different regimes.
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momentum and scalar variables differ markedly and are consistent with 
theoretical expectations, indicating that the classification scheme is 
reliable.

3. Results

3.1. Meteorological conditions across regimes and their relationship with 
intermittency strength

To begin with, characteristics of the atmospheric boundary layer for 
the four regimes during the campaign are analyzed. These characteris
tics provide a basis for interpreting the features of summer turbulence 
intermittency over the Taklimakan Desert. Fig. 4 shows the distributions 
of wind speed, friction velocity u*, stability parameter (ζ = z/L, where L 

is the Monin-Obukhov length defined as L = −
u3

*
κ g

θ
ẃ θ́

, κ = 0.4, and z =

3 m is the measurement height) and the intermittency indices LIST and 
IF for the four regimes. For u* and z/L (Fig. 4b and c), results based on 
the original data and on the pure turbulent signals reconstructed using 
the SMT algorithm are plotted in brown and black, respectively. It is 
evident that, after removing sub-mesoscale motions, u* decreases 
markedly, |z/L| increases, and strongly stable or strongly unstable 
stratification occurs more frequently. The time series further indicate 
that the four regimes are dominated by Regime 2 (large-scale intermit
tency) and Regime 4 (full-scale intermittency). The meteorological 
conditions for each regime also differ. Regime 2 can occur under almost 
any wind speed and stability conditions, but under weak winds and a 
stably stratified nocturnal boundary layer, turbulent motions are sup
pressed by sub-mesoscale motions, leading to stronger large-scale 
intermittency, as reflected by smaller LIST values. Regime 4 occurs in 
two types of situations. The first situation corresponds to nighttime with 
weak winds, mainly reflecting apparent deviations of the spectral 
structure caused by non-stationarity and sub-mesoscale motions, with 
both LIST and IF taking relatively small values. The second corresponds 
to nearly neutral conditions with relatively high wind speed during the 
transition between day and night, where LIST is relatively large and IF is 

small, indicating enhanced genuine small-scale intermittency associated 
with localized dissipation.

Next, relationships between the intermittency strength indices (LIST 
and IF) for the four regimes and the mean meteorological fields of wind 
speed, wind shear, temperature gradient, and bulk Richardson number 
are examined, as shown in Fig. 5. It can be seen that intermittency 
strength also varies systematically with the mean meteorological con
ditions. For LIST, Regimes 2 and 4 exhibit almost identical trends, with 
LIST increasing as wind speed and wind shear increase. In Regime 2, 
LIST decreases with increasing temperature gradient, and Regime 4 
shows essentially the same behavior. This indicates that large-scale 
intermittency, as well as the coexistence of large-scale and small-scale 
intermittency, occurs more readily under more stable conditions and 
lower wind speed. For IF, values in Regimes 1 and 2 are larger than those 
in Regimes 3 and 4. This is because, in the automatic classification al
gorithm, cases in Regimes 1 and 2 satisfy IFx > xth, implying that small- 
scale intermittency can be neglected to some extent. In Regime 2, IF 
decreases with increasing wind speed. In Regime 4, IF also decreases 
with increasing wind speed for both wind speeds greater than 3.5 m s− 1 

and those less than 3.5 m s− 1, corresponding to the two types of situa
tions in which Regime 4 occurs. In Regime 2, IF decreases as wind shear 
increases, whereas in Regime 4 the decrease with wind shear is notice
ably weaker. In Regime 2, IF decreases as |Rib| decreases and reaches its 
minimum under nearly neutral conditions. Regime 4 mainly occurs 
under nearly neutral conditions, and IF tends to decrease with increasing 
bulk Richardson number.

Analyses of Figs. 4 and 5 further highlight the differences between 
large-scale and small-scale intermittency. Under stably stratified 
nocturnal conditions with weak winds, the influence of sub-mesoscale 
motions is stronger and large-scale intermittency is pronounced. The 
spectral structure is contaminated by sub-mesoscale motions, and the 
spectral slope in the inertial subrange deviates from the Kaimal spec
trum. In such cases, IF takes smaller (more negative) values, which 
indicate enhanced small-scale intermittency. During the transition be
tween day and night, nearly neutral conditions with relatively high wind 
speed are associated with turbulence that is more continuous at large 

Fig. 4. Distributions of wind speed (a), friction velocity u* (b), stability parameter (ζ = z/L, z = 3 m) (c) and intermittency indices LIST (d) and IF (e) for the four 
regimes. Yellow, blue, green, and red dots represent Regime 1, Regime 2, Regime 3, and Regime 4, respectively. The gray shading denotes night-time periods. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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scales (weaker large-scale intermittency), whereas energy dissipation is 
more uneven at fine scales. Small-scale anisotropy and strong dissipation 
lead to a departure of the spectral slope in the inertial subrange from the 
Kaimal reference slope, with IF decreasing and LIST increasing. In 
addition, based on the dependence of LIST and IF on wind speed and 
wind shear, the relationships are fitted with a power law of the form y =

axb, and empirical relationships are obtained for Regimes 2 and 4. The 
corresponding coefficients are listed in Table 1.

3.2. Correction of turbulent statistical parameters for different regimes

This study further evaluates the influence of sub-mesoscale motions 
on turbulence statistics for the different regimes and proposes corre
sponding correction schemes. Fig. 6 shows the relationships between the 
original and corrected standard deviations of the fluctuations σu, σv, σw, 
σθ, σq, and σCO2 for Regimes 2 and 4. The horizontal axis denotes the 
standard deviation estimated from the original data, and the vertical 
axis denotes the standard deviation estimated from the reconstructed 
data. For Regime 2, the fitted slopes for σu, σv, σw, σθ, σq, and σCO2 are 
0.6, 0.57, 0.98, 0.64, 0.33, and 0.53, respectively. Correspondingly, for 
Regime 4, the fitted slopes of the above meteorological variables are 
0.73, 0.72, 0.99, 0.86, 0.1, and 0.81, respectively. For both Regimes 2 
and 4, almost no overestimation is found for σw, indicating that inter
mittency induced by sub-mesoscale motions has little effect on the 
vertical velocity. All other variables exhibit substantial overestimation, 
with the largest effect on σq which indicates that turbulence intermit
tency has the strongest impact on water vapor in the desert region. The 
overestimation of σq in Regime 4 is larger than that in Regime 2, by 
about 90% and 67%, respectively. For all variables except σq, that is, σu, 
σv, σw, σθ, and σCO2 , the overestimation in Regime 2 is larger than that in 
Regime 4 and exceeds 10% for each of these variables. This indicates 
that under large-scale intermittency the influence of sub-mesoscale 
motions on these statistical quantities is stronger than under full-scale 
intermittency.

For the different regimes, the momentum fluxes − ú ẃ  and v́ ẃ , the 

sensible heat flux wʹθ́ , the latent heat flux ẃ q́ , the CO2 flux wʹco2́  and 
turbulent kinetic energy TKE are also influenced differently by sub- 
mesoscale motions and turbulence intermittency. The relationships be
tween the original and corrected values for these quantities are shown in 

Fig. 5. Relationships of intermittency indices LIST and IF with mean wind speed (a, e), wind shear (b, f), temperature gradient (c, g), and bulk Richardson number (d, 
h). Yellow, blue, green, and red dots represent Regime 1, Regime 2, Regime 3, and Regime 4, respectively. Blue and red lines indicate the mean and standard 
deviation for Regime 2 and Regime 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Empirical relationships relating large-scale and small-scale intermittency 
strengths (LIST and IF) to wind speed and wind shear for Regimes 2 and 4, 
together with correction schemes for different turbulence statistics.

Regime 2 Regime 4

a,b/β2 R2 a,b/β4 R2

LIST
U 0.57 0.16 0.86 0.47 0.27 0.83
(ΔU/ΔZ)2 0.80 0.03 0.84 1.29 0.14 0.97

IF
U

U > 3.5 m 
s− 1 −

0.19
0.48 0.98

−

0.36
0.32 0.94

U < 3.5 m 
s− 1

−

0.63
0.16 0.84

(ΔU/ΔZ)2 −

0.98 0.21 0.97
−

0.86 0.06 0.88

σu 0.60 0.57 0.73 0.69
σv 0.57 0.59 0.72 0.79
σw 0.98 1.00 0.99 1.00
σθ 0.64 0.70 0.86 0.96
σq 0.33 0.43 0.10 0.94
σco2 0.53 0.80 0.81 0.94
− uʹẃ 0.41 0.50 0.75 0.82
v́ ẃ 0.18 0.33 0.36 0.59
ẃ θ́ 0.79 0.97 0.87 0.98
wʹq́ 0.59 0.76 0.41 − 0.66
ẃ co2ʹ 0.66 0.20 0.79 0.82
TKE 0.43 0.62 0.59 0.70

Note. The fitted relationships relating large-scale and small-scale intermittency 
strengths (LIST and IF) to wind speed and wind shear are expressed as y = axb; 
the correction schemes for different turbulence statistics use y = βx. R2 denotes 
the coefficient of determination.
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Fig. 7. For both Regimes 2 and 4, the slopes of the fitted lines are less 
than 1, indicating that the original data overestimate the turbulent 
fluxes and that the reconstructed data partly remove the influence of 
intermittency induced by sub-mesoscale motions. Except for the latent 
heat flux, for which the slope in Regime 4 is larger than that in Regime 2, 
the slopes for all other quantities are larger in Regime 2 than in Regime 
4, which is consistent with the behavior of the standard deviations in 
Fig. 6. For Regime 2, the overestimation percentages are 59% for − ú ẃ , 
82% for v́ ẃ , 21% for wʹθ́ , 41% for ẃ q́ , 34% for wʹco2́ , and 57% for TKE. 
For Regime 4, the corresponding overestimations are 25%, 64%, 13%, 
59%, 21%, and 41%. In the hinterland of the Taklimakan Desert, the 
impact of turbulence intermittency on momentum and water vapor 
transport is therefore much stronger than its impact on heat transport. 
Comparison between the original and corrected values of the different 
turbulence statistics shows that, because of the influence of sub- 
mesoscale motions on the fluctuations of each variable, the turbulent 
statistics obtained by the traditional eddy covariance method (the 
original values) are generally biased when large-scale or full-scale 
intermittency is present, and the magnitude of the bias differs among 
variables. It is thus necessary in practical applications to correct the 
fluxes according to the type of turbulence intermittency, and the specific 
correction schemes are summarized in Table 1.

3.3. Performance and improvement of statistical parameters for different 
regimes

Because of the presence of sub-mesoscale motions, the previous 
section applied corrections to fluxes and variances for the different re
gimes, and the changes in fluxes and variances in turn affect the related 
statistical quantities. To further understand the characteristics of 

different regimes of turbulence intermittency, boxplots are used to 
analyze the relationship between turbulence intensity (denoted as 
VTKE =

̅̅̅̅̅̅̅̅̅
TKE

√
) and mean wind speed (U) for all data, Regime 2, and 

Regime 4. The height of the box, which represents the interquartile 
range (IQR), is determined by the spread of VTKE within each bin of U. 
For a given U, larger variability in VTKE leads to a taller box, and a 
greater overall spread is reflected in longer whiskers. After removing 
sub-mesoscale motions, VTKE is effectively reduced under both unstable 
and stable conditions, and the degree of scatter is also reduced (see 
Fig. 8a and b). It is clear that, within the same wind speed range, VTKE 
under unstable conditions is significantly larger than under stable con
ditions, and the data are more dispersed. The VTKE-U relationship for 
Regime 2 is similar to that for all data, whereas Regime 4 under unstable 
conditions occurs only at relatively high wind speeds and is associated 
with stronger turbulence intensity. Under stable conditions, after 
removing sub-mesoscale motions, the increasing trend of VTKE becomes 
more evident for both Regime 2 and Regime 4, and the transition point 
becomes clearer. When U is smaller than a wind speed threshold, VTKE 
increases slowly. When U exceeds this threshold, VTKE increases 
approximately linearly with wind speed. In addition, the threshold wind 
speeds differ between Regimes 2 and 4. The threshold for Regime 2 is 
smaller than that for Regime 4, at 2.4 m s− 1 and 3.2 m s− 1, respectively.

To evaluate the effectiveness of the flux corrections, the fractions of 
counter-gradient momentum and sensible heat transport are calculated. 
According to turbulent gradient transport theory, the flux of a quantity 
induced by turbulence is proportional to the local mean gradient of that 
quantity, and the direction of transport is the same as the direction in 
which the quantity decreases, i.e., downgradient transport. A smaller 
fraction of counter-gradient transport indicates that the turbulent flux is 
less affected by sub-mesoscale motions and that the flux correction is 

Fig. 6. Comparison between original and reconstructed standard deviations for the different regimes. Yellow, blue, green, and red dots represent Regime 1, Regime 
2, Regime 3, and Regime 4, respectively. Blue and red lines show the linear fits for Regime 2 and Regime 4. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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more effective. Fig. 9 shows the fractions of counter-gradient mo
mentum flux and sensible heat flux as functions of the bulk Richardson 
number over the Taklimakan Desert in July 2023. After removing the 
sub-mesoscale component, the occurrence frequencies of counter- 
gradient momentum and sensible heat transport for Regimes 2 and 4 
are clearly reduced. For the momentum flux (Fig. 9a and b), Regime 2 
exhibits a relatively low fraction of counter-gradient transport under 
nearly neutral conditions. as stability or instability increases, the frac
tion of counter-gradient transport gradually increases. Regime 4 under 
stable conditions shows a similar behavior, but under unstable condi
tions the variation with stability is not obvious, and in this case the 
fraction of counter-gradient transport in Regime 2 is mostly larger than 
that in Regime 4. For the sensible heat flux, under unstable conditions 
the fractions of counter-gradient transport in Regimes 2 and 4 are 
essentially zero. Under strongly stable conditions, the fraction decreases 
markedly after removing sub-mesoscale motions. Under nearly neutral 
and weakly stable conditions, the fraction remains relatively high, likely 
because the sensible heat flux itself is small in magnitude in these re
gimes. In such cases, even relatively weak counter-gradient events ac
count for a large proportion of the samples.

4. Conclusions

This study analyzes turbulence intermittency over the Taklimakan 
Desert based on observation campaign at Tazhong during 1–31 July 
2023, and evaluates its impacts on turbulence statistics and related 
corrections.

On the basis of the observed fact that turbulent energy spectra 
deviate from the theoretical Kaimal spectrum under the influence of 
intermittency, an automatic classification algorithm for regimes of tur
bulence intermittency is proposed. The fluctuation characteristics of 

momentum and scalar variables differ markedly among the four regimes 
and are consistent with theoretical expectations, which supports the 
reliability of the classification scheme. Under nocturnal conditions with 
weak winds and stable stratification, large-scale intermittency is stron
ger, whereas full-scale intermittency occurs mainly under weak-wind 
nighttime conditions and under nearly neutral conditions with rela
tively high wind speed during the transition between day and night. In 
addition, empirical relationships are derived for Regimes 2 and 4 that 
relate the large-scale intermittency strength and small-scale intermit
tency strength to wind speed and wind shear.

After removing intermittency associated with sub-mesoscale mo
tions, comparisons between the reconstructed and original data indicate 
that standard deviations, turbulent fluxes, and turbulent kinetic energy 
are generally overestimated in Regimes 2 and 4 when the original data 
are used. The impacts are strongest for momentum transport and water 
vapor transport, whereas heat transport is less affected. For most 
quantities, the biases are larger in Regime 2 than in Regime 4, suggesting 
a stronger influence of sub-mesoscale motions under large-scale inter
mittency. The effectiveness and physical consistency of the corrections 
are supported by two diagnostics. After correction, the relationship 
between turbulence intensity and wind speed shows markedly reduced 
scatter under both stable and unstable conditions. In addition, the 
fractions of counter-gradient momentum flux and counter-gradient 
sensible heat flux generally decrease in Regimes 2 and 4, indicating 
improved physical consistency of the corrected flux estimates.

To facilitate potential applications, we provide a conceptual sche
matic (Fig. 10) that summarizes the four regimes and illustrates an 
example workflow for diagnosing the most likely regime from routinely 
available variables and selecting the corresponding regime-dependent 
correction factor. This correction can then be incorporated into sur
face layer schemes by using corrected turbulent statistical parameters. It 

Fig. 7. Comparison between original and reconstructed turbulent fluxes and turbulent kinetic energy for the different regimes. Yellow, blue, green, and red dots 
represent Regime 1, Regime 2, Regime 3, and Regime 4, respectively. Blue and red lines show the linear fits for Regime 2 and Regime 4. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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should be noted that the regime-dependent linear correction coefficients 
reported here are empirical parameters derived from observations at the 
Tazhong site in July 2023. Their values may vary with surface 

characteristics. Although intermittency and sub-mesoscale motions have 
been documented over a wide range of surface types, the dominant types 
of sub-mesoscale motions may differ across surfaces, leading to different 

Fig. 8. Relationships between turbulence intensity (VTKE) and mean wind speed (U) for all data (a, b), Regime 2 (c, d), and Regime 4 (e, f) under unstable and stable 
conditions, before and after removal of sub-mesoscale motions.

Fig. 9. Fractions of counter-gradient momentum flux (a, b) and counter-gradient sensible heat flux (c, d) as functions of bulk Richardson number for Regimes 2 and 
4. Solid and dashed lines represent results from the original data and from the reconstructed turbulence, respectively.
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impacts on land-atmosphere exchange. In addition, the coefficient 
values may also vary with season and background meteorological con
ditions. Therefore, the values presented here are primarily intended as a 
reference for observational correction under summertime (July) condi
tions at Tazhong. For other seasons, specific synoptic situations (e.g., 
strongly convective periods or dust storm events), or other arid and 
desert sites, recalibration and validation using local observations are 
recommended, while keeping the same regime-identification procedure.
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