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Abstract. The urban canopy layer (UCL) is strongly affected by human activities, with rough elements 15 

and anthropogenic heat sources enhancing turbulence complexity. In basin cities, the terrain further 

complicates the influence of turbulence structures on the haze pollution processes, which still remains 

unclear. Based on field observations in Lanzhou, China, this study identified a typical evolution pattern 

of haze pollution in the UCL: PM2.5 concentrations rose from 08:00-13:00, declined from 14:00-18:00, 

rose again from 19:00-21:00, and declined from 22:00-07:00. The occurrence of unexpected thermal 20 

plumes promotes the increase in PM2.5 concentrations during 10:00-13:00. The rapid removal by small-

scale eddies with timescales less than 15 min or even 2 min contributes to the reduction of PM2.5 

concentrations during 14:00-18:00. At the same time, thermal driven turbulent eddies form organized 

coherent structures, ejections and sweeps, which affected the exchange of pollutants interior and exterior 

of the UCL. Turbulence intensity was generally weak, coupled with evening peak emissions leading to a 25 

rise in PM2.5 concentrations during 19:00-21:00. Finally, sub-mesoscale motions can enhance pollutant 

dispersion by driving intermittent bursts of turbulence, or reduce pollutant concentrations by forming 

organized coherent structures during 22:00-07:00. These complex multi-scale atmospheric motions 

interact and collectively influence the evolution of haze pollution within the basin UCL. These findings 

are of great significance for understanding the dynamics and thermodynamics of UCL, improving the 30 

accuracy of urban air pollution forecasting. 
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1 Introduction  

Haze pollution not only severely threatens human health (Cohen et al., 2017), but also has complex 

impact on weather and climate due to the alteration of atmospheric radiation characteristics by aerosols 

(Huang et al., 2023). This issue is especially critical in densely populated large-scale urbans, where haze 

pollution tends to be more severe (Huang et al., 2014). Owing to the unique topography features of basin 5 

urbans, adverse atmospheric diffusion conditions are more pronounced (Baker et al., 2011; Lareau et al., 

2013), making air pollution control in these areas more complicated than in flatland cities (Baasandorj et 

al., 2017). Globally, basin cities often experience high-concentration air pollution events during the 

winter, leading to serious air quality problems (Hallar et al., 2022; Zhao et al., 2023). Research on haze 

pollution in basin cities are classic and crucial topic, contributing significantly to improving 10 

environmental quality and safeguarding human health in many aspects. 

The haze pollution processes occur within the atmospheric boundary layer, and its development and 

dissipation are strongly affected by the structures of atmospheric turbulence. Atmospheric turbulence is 

the main form of motions in the atmospheric boundary layer, which consists of many vortex structures 

of different scales. Large-scale coherent vortices can carry more kinetic energy, while small-scale 15 

vortices mainly participate in the diffusion of pollutants and the dissipation of energy (Hu, 1998). 

Atmospheric turbulence determines the extent and height of diffusion of pollutants emitted from the near-

surface (Businger et al., 1971). The occurrence of haze pollution is closely related to the stable boundary 

layer (Stjern et al., 2023). The turbulence intermittency is an inherent characteristic of the stable boundary 

layer (Allouche et al., 2022), which can be driven by various sub-mesoscale motions. Sub-mesoscale 20 

motions refer to non-stationary movements with timescales larger than turbulence motion (Mahrt, 2009). 

Studies have demonstrated that variations in the intensity of turbulence intermittency significantly 

influence the accumulation and dissipation of atmospheric pollutants (Wei et al., 2018; Ren et al., 2019). 

Ren et al. (2021) found that turbulence intermittency can induce the turbulence barrier effect, which 

hinders the vertical transport of pollutants and results a rapid increase in fine particulate matters. The 25 

turbulence barriers can be disrupted by various mechanisms (Sun et al., 2012; Ren et al., 2023), while 

short-term turbulence bursts can improve vertical diffusion conditions, promoting vertical mixing of 

pollutants and altering the vertical distribution of aerosols (Wei et al., 2022). Additionally, atmospheric 

https://doi.org/10.5194/egusphere-2025-177
Preprint. Discussion started: 3 March 2025
c© Author(s) 2025. CC BY 4.0 License.



3 

 

turbulence motions present self-organizing characteristics and self-similarity in both time and space 

(Katul et al., 1997; Hagelberg and Gamage, 1994), resulting in the formation of coherent structures that 

significantly influence the transport and diffusion of pollutants (Shi et al., 2022; Jia et al. 2022). 

The atmospheric turbulence structures in the urban boundary layer (UCL) are more complex, and their 

influence on the haze pollution processes is more intricate than that of the natural underlying surfaces. 5 

The urban boundary layer consists of the urban near-surface layer and the outer layer (Oke et al., 1987), 

among which the UCL represents the atmosphere close to the ground layer below the top of urban 

buildings (Oke et al., 2017). UCL is the most drastically affected by pollution sources emissions from 

surface and anthropogenic activities. The distribution of rough elements (e.g., buildings, trees) within the 

UCL is highly inhomogeneous in three-dimensional space, and the development of turbulent eddies can 10 

easily be restricted or fragmented by the influence of rough elements. Moreover, the atmospheric 

stratification within the UCL tends remain an unstable state, even at night, due to the large amount of 

heat stored in buildings and the additional energy input from anthropogenic activities (Wood et al., 2010; 

Lietzke and Vogt, 2013; Schmutz et al., 2016). Consequently, atmospheric turbulence within the UCL is 

characterized by strong non-stationarity and inhomogeneity. These turbulence structures exhibit multi-15 

scale properties (Román-Cascón et al., 2023) that may be influenced by sub-mesoscale motions (Ren et 

al., 2019). Existing classical theories have limitations when applied to the UCL (Roth., 2000; Zou et al., 

2015), and turbulent energy spectra differ significantly from those observed over flat and homogeneous 

surfaces (Roth et al., 1993). Although the UCL is most closely related to the human production and life, 

the presence of highly heterogeneous roughness elements and anthropogenic influences complicates the 20 

study of atmospheric turbulence structures within the UCL. As a result, the mechanisms by turbulence 

structures within the UCL affect pollution processes remain poorly understood, significantly hindering 

the accurate forecasting of urban pollution. 

The unique topography of basins more prone to inducing cold pool events that will result in the formation 

of stable boundary layer (Lareau et al., 2013). However, simultaneously, behaviours such as urban 25 

heating increase anthropogenic heat sources and promote the development of an unstable boundary layer. 

These two opposite processes will result in different atmospheric turbulence structures, influencing haze 

pollution events distinctly. Therefore, how does the complicated multi-scale turbulent structures within 

the UCL of basin influence the occurrence and evolution of haze pollution events? This scientific 
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question is of great significance for understanding the development and variation of the urban boundary 

layer as well as for improving urban air pollution forecasting. This study utilizes the observation data of 

high precision atmospheric turbulence and high temporal resolution sounding from the Lanzhou 

atmospheric components monitoring superstation in January 2021 to examine the general characteristics 

of the haze pollution processes and turbulence structures within the UCL of basin. Using Lanzhou as a 5 

case to investigate the influence of the multi-scale turbulence structures on the haze pollution processes 

in terms of turbulence diffusion, turbulence intermittency, coherence structure of turbulence and sub-

mesoscale motions. This manuscript is organized as follows: Section 2 describes the data and methods, 

Section 3 presents the results, and Section 4 displays the conclusions. 

2 Data and methods 10 

2.1 Field Campaign 

The observation datasets utilized in this study come from the Lanzhou atmospheric components 

monitoring superstation (LACMS, 36.05°N, 103.87°E) situated in the Lanzhou Basin (Du et al., 2020). 

The Lanzhou Basin is located in the narrow Yellow River valley on the northeastern edge of the Tibetan 

Plateau. The overall topography has a northwest-southeast orientation (Fig. 1a), with an average 15 

elevation of 1520 m. The surrounding northern and southern mountains rise 200-600 m above the basin 

floor. Lanzhou city is situated in the semi-arid region of northwestern China and serves as a major 

industrial base and a key comprehensive transportation hub. The area around LACMS is primarily 

composed of academic and residential buildings (Fig. 1b), with a heavy traffic north-south urban trunk 

road located about 300 m to the west. LACMS stands atop an academic building at Lanzhou University, 20 

approximately 38.5 m above the ground. The UCL height is approximately 50 m according to the average 

height of nearby buildings, and LACMS lies within the UCL. A three-dimensional ultrasonic 

anemometer (CSAT-3B, Campbell Scientific Inc., USA), sampling at 10 Hz, was installed approximately 

2.8 m above the roof to measure wind velocity components and sonic temperature. Hourly PM2.5 

concentrations (μg m-3) and CO concentrations (mg m-3) were measured by a particulate matter 25 

synchronous mixing monitor (5030i SHARP, Thermo Fisher, USA) and an online gas analyzer (48i; 

Thermo Fisher Scientific, USA), respectively. Hourly relative humidity (RH) was recorded by 
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meteorological sensors (FWE500, FRT, China). The encrypted sounding observations were conducted 

in January 2021, detailed information of which is described in Zhang et al. (2024). The Vaisala RS41 

radiosonde (Vaisala Oyj Inc., Finland) observed the meteorological elements profiles of vertical 

atmospheric column, including wind speed and temperature. The Micro-Pulse Lidar (MiniMPL, Sigma 

Space Inc., USA) provided a row standardized backscattered signal at 532 nm. In addition, all data and 5 

results in this study are presented at Beijing Standard Time (BJT= UTC + 8 h). 

 

 

the red pentagram as the location of the observing site; (b) Lanzhou atmospheric components monitoring 10 

superstation (LACMS) located in the urban underlying surface region marked by the red pentagram (within 

a range of approximately 1 km)  

2.2 Turbulence data preprocessing  

The raw turbulence datasets from January 2021 were preprocessed using Eddy Pro software (Advanced 

mode, V version 6.2.1, LI-COR Biosciences, Inc., USA), and the averaging intervals were set to 30 min 15 

to calculate the turbulence statistics. The pre-processing procedures included exceptional point deletion, 

error flags, quadratic coordinate rotation, and detrending. Then, turbulent statistics, such as turbulent 

kinetic energy (TKE), friction velocity (𝑢∗), sensible heat flux (H), and the local Obukhov length (L) are 

calculated as follows: 

TKE =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)                                                          (1) 20 

𝑢∗ = [(−𝑢′𝑤′̅̅ ̅̅ ̅̅ )2 + (−𝑣′𝑤′̅̅ ̅̅ ̅̅ )2]1/4                                                      (2) 

H = ρ𝐶𝑃𝑤′𝜃′̅̅ ̅̅ ̅̅                                                                      (3) 

Figure 1. (a) Topographic and geomorphologic map of the Lanzhou Basin obtained from © Google Earth, with 
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L = −
𝜃̅𝑢∗

3

𝜅𝑔𝑤′𝜃′̅̅ ̅̅ ̅̅ ̅                                                                                 (4) 

where: u, v and w are along-wind, across-wind and vertical velocity components, respectively; θ is the 

potential temperature;  is the air density; Cp is the specific heat capacity at constant pressure; κ and g 

are the von Karman constant (0.4) and the gravitational acceleration (9.81 m s-2), respectively. The prime 

and overbar denote the turbulent fluctuations and Reynolds means, respectively. The local atmospheric 5 

stability parameter within the UCL is represented by (z-d)/L, where z is the observed height 

(approximately 41.3 m), d is the zero-plane displacement (approximately 37.5 m). 

2.3 Methodology and indicators  

1) Multi-resolution decomposition (MRD) 

The Multi-Resolution Decomposition (MRD) method was utilized to analyze multi-scale turbulent eddy 10 

characteristics in this study. MRD employs the Haar wavelet basis function to quantify the contribution 

of turbulent eddies across various time scales to the turbulence variance or covariance (e.g., TKE, 𝑢∗, 

H). This is achieved by decomposing turbulence variances or covariances into different time scales using 

sliding averaging window (Vickers and Mahrt. 2003; Vickers and Mahrt. 2006; Acevedo et al. 2014). 

2) The separation and reconstruction algorithm of sub-mesoscale and turbulent motions (SMT)  15 

In our study, we used the automated algorithm developed by Ren et al. (2019) for the separation and 

reconstruction of sub-mesoscale and turbulent motions (SMT). The SMT algorithm is based on the 

Hilbert-Huang transform (HHT). It first uses the complementary ensemble empirical modal 

decomposition (CEEMD) to transform raw 30 min turbulence data into intrinsic modal functions (IMFs) 

with different instantaneous frequencies. Subsequently, the algorithm calculates the second-order Hilbert 20 

spectra, identifying spectral gaps that separated the small-scale motion (turbulence) and large-scale 

motion (sub-mesoscale motion). The frequency of spectral gaps is obtained by finding the frequency 

interval in which the values of the second-order Hilbert spectrum remain almost unchanged. Lastly, all 

IMFs with frequencies larger than the gap frequencies are added to reconstruct sub-mesoscale motions, 

while all IMFs with frequencies smaller than the gap frequencies are added to reconstruct the turbulence. 25 

The deviations of three-dimensional wind speeds of turbulence (sub-mesoscale motions) are u𝑡𝑢𝑟𝑏
′  

(u𝑠𝑢𝑏
′ ), v𝑡𝑢𝑟𝑏

′  (v𝑠𝑢𝑏
′ ), and w𝑡𝑢𝑟𝑏

′  (w𝑠𝑢𝑏
′ ). Ren et al. (2019; 2023) defined the local intermittent strength 

of turbulence (LIST), the kinetic energy of turbulence motion (KEturb), the kinetic energy of sub-
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mesoscale motion (KEsub) and the difference in kinetic energy between turbulence and sub-mesoscale 

motions (∆KE). LIST reflects the characteristics of dynamics intermittency. According to this definition, 

smaller LIST values correspond to lower proportion of the turbulent signals in the original pulsation 

signal, indicating a greater influence of sub-mesoscale motions and stronger turbulence intermittency, 

and vice versa. 5 

𝐾𝐸𝑡𝑢𝑟𝑏 =
1

2
(𝑢𝑡𝑢𝑟𝑏

′ 2
+ 𝑣𝑡𝑢𝑟𝑏

′ 2
+ 𝑤𝑡𝑢𝑟𝑏

′ 2
) (5) 

𝐾𝐸𝑠𝑢𝑏 =
1

2
(𝑢𝑠𝑢𝑏

′ 2
+ 𝑣𝑠𝑢𝑏

′ 2
+ 𝑤𝑠𝑢𝑏

′ 2
) (6) 

𝐿𝐼𝑆𝑇 =
√𝐾𝐸𝑡𝑢𝑟𝑏

√𝐾𝐸𝑡𝑢𝑟𝑏+𝐾𝐸𝑠𝑢𝑏
    (7) 

∆KE = 𝐾𝐸𝑡𝑢𝑟𝑏 − 𝐾𝐸𝑠𝑢𝑏                                                   (8) 

Then, the coherence degree of sub-mesoscale motions is represented quantitatively using the 10 

correlation coefficient defined by Zeng et al. (2010): 

𝑅𝑠𝑢𝑏 = 𝑢𝑠𝑢𝑏
′ 𝑤𝑠𝑢𝑏

′ /(𝑢𝑠𝑢𝑏
′ 2

𝑤𝑠𝑢𝑏
′ 2

)1/2  (9) 

3) Quadrant analysis 

The quadrant analysis method was used to study the turbulent coherent structures. The turbulent coherent 

structures mainly consist of ejections and sweeps (Li and Bou-Zeid, 2011), and different topology of 15 

turbulent coherent structures can be identified based on the characteristics of the difference in the flux 

contribution and time fraction of ejections and sweeps. According to the definition of quadrant analysis 

(Katul et al., 1997), the vertical velocity fluctuation 𝑤′ is prescribed as the y-axis, and the horizontal 

wind velocity fluctuation 𝑢′  or temperature fluctuation 𝜃′  as the x-axis. For momentum fluxes, 

quadrants 2 and 4 represent ejections and sweeps, respectively, while quadrants 1 and 3 represent outward 20 

interactions and inward interactions, respectively. The counter-gradient motions of momentum fluxes by 

the outward interactions and inward interactions produce upward momentum fluxes (i.e., 𝑤′𝑢′̅̅ ̅̅ ̅̅  > 0) and 

weaken the net downward momentum transport. For the sensible heat flux, when 𝑤′𝜃′̅̅ ̅̅ ̅̅  > 0, quadrants 1 

and 3 stand for ejections and sweeps, respectively, while when 𝑤′𝜃′̅̅ ̅̅ ̅̅  < 0, quadrants 2 and 4 stand for 

ejections and sweeps, respectively. Similar to the definition of momentum flux, the other two quadrants 25 

correspond to outward interactions and inward interactions, respectively. 
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For a given 30-min interval, the flux contribution Si,wa and the time fraction Ti,wa of each quadrant 

(turbulent motions) are quantified as: 

𝑆𝑖,𝑤𝑎 =
|𝑤′𝑎′|̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑖

|𝑤′𝑎′|̅̅ ̅̅ ̅̅ ̅̅ ̅ =
∑ |𝑤′𝑎′|

𝑛
𝐼𝑖(𝑛)𝑁

𝑛=1

∑ |𝑤′𝑎′|𝑛
𝑁
𝑛=1

                                                       (10) 

𝑇𝑖,𝑤𝑎 =
∑ 𝐼𝑖(𝑛)𝑁

𝑛=1

𝑁
                                                                   (11) 

Where a=u or θ, i is the order of the quadrant (i = 1, 2, 3, 4), N is the total number of records in the 30 5 

min interval, and Ii(𝑛) is an indicator function. If w′𝑎′ is located in quadrant i, then Ii(𝑛)=1, otherwise 

Ii(𝑛)=0. 

Quadrant analysis was applied to obtain the contributions of momentum flux of sub-mesoscale motions 

in each quadrant, and further calculating the flux contribution difference between downward and upward 

motions (∆𝑆), Rsub from Eq. (9). A positive ∆𝑆 indicates that downward motions predominate. 10 

∆𝑆 = {
𝑆3,𝑤𝑠𝑢𝑏

′ 𝑢𝑠𝑢𝑏
′   −   𝑆1,𝑤𝑠𝑢𝑏

′ 𝑢𝑠𝑢𝑏
′          𝑅𝑠𝑢𝑏 > 0

𝑆4,𝑤𝑠𝑢𝑏
′ 𝑢𝑠𝑢𝑏

′   −  𝑆2,𝑤𝑠𝑢𝑏
′ 𝑢𝑠𝑢𝑏

′           𝑅𝑠𝑢𝑏 < 0
                                         (12) 

4) Fourier spectral analysis 

Fourier spectral analysis can provide micro information about turbulence structure by calculating the 

variance spectra, covariance spectra, phase spectra and coherence spectra of the variables (Kaimal et al., 

1972; Stull, 1988), such as the contribution from turbulent eddies with different scales, phase difference 15 

and coherence between the time series of the different variables. Physically, the phase spectra can 

measure the synchronization of two time series, while the coherence spectra reflect the frequency-

dependent correlation coefficient. When the changes in two time series are synchronous, the phase 

difference would be 0, i.e., minima of one time series concur with minima or maxima of the other. 

Otherwise, large absolute values of phase difference suggest poor synchronization and the separation 20 

between the respective physical processes. The values of coherence spectra in the range of 0 to 1, with 

larger values indicating better coherence between the two time series at a given frequency. 

2.4 Pollution case 

According to the second level of National Ambient Air Quality Standards (NAAQS) of China (Ministry 

of Environmental Protection, 2012), the daily average PM2.5 concentrations observed by LACMS 25 

exceeded 75 μg m-3 on January 2, 12-13, 18, and 20-22, 2021. In this paper, the periods of January 11-

14 and 17-21, 2021 were selected as two haze pollution events, referred to Case 1 and Case 2. The clean 
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periods were January 4-10, 15-16, and 24-31, respectively. The highest concentration of PM2.5 in Case 1 

and Case 2 was 126 μg m-3 and the lowest concentration was 21 μg m-3. During this period, Lanzhou 

experienced the cold winter season, with local emissions from heating boilers, urban transportation, and 

industrial production being the main sources of pollutants. 

3 Results 5 

3.1 Overview of haze pollution processes and turbulent transport within the UCL of basin 

The haze pollution processes within the UCL of Lanzhou Basin exhibited distinct diurnal variation 

characteristics. During the pollution periods, PM2.5 concentrations generally rose from 08:00 to13:00, 

declined between 14:00 and 18:00, rose again from 19:00-21:00, and finally declined again from 22:00-

07:00 the next day (Fig. 2a). PM2.5 concentrations during the haze and clean periods followed a similar 10 

trend from 08:00-18:00. However, during the haze periods, PM2.5 concentrations rose again from 19:00 

to 20:00, while they continued to decline during the clean periods. Haze pollution processes were 

influenced by the combined effects of source emissions and meteorological conditions. CO exhibits 

strong chemical inertness, making its concentrations in the air are strongly controlled by meteorological 

parameters within a relatively short period. Therefore, it is considered a good tracer. Source emission 15 

characteristics can be obtained using the PM2.5/CO ratio method, which accounts for the dilution effects 

of meteorological processes (Liggio et al., 2016; Wang et al., 2018). For Lanzhou Basin, the daily 

variation of PM2.5/CO during the clean and polluted periods was nearly identical, with slightly higher 

PM2.5/CO values calculated during the clean periods compared to the polluted periods (Fig. 2b). This 

suggested that meteorological conditions might play a crucial role in the occurrence of haze pollution 20 

within the UCL of basin. According to the large-scale circulation background and temperature fields at 

500 hPa (Figs. S1), Lanzhou Basin was in the control area of westerly latitudinal circulation during haze 

pollution periods, without obvious trough or ridge activity. Compared with the clean periods, the 

circulation evolved more slowly during haze pollution periods, with geopotential height contours being 

relatively sparse and cold air intensity weaker. During the pollution periods, relative humidity and 25 

horizontal wind speed were lower (Fig. 2c and Fig. 2e), whereas near-surface temperature was higher 

(Fig. 2d). Previous studies indicated that higher relative humidity would promote the hygroscopic growth 
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of fine particulate matters (Quan et al., 2011; Chen et al., 2012), while higher near-surface temperature 

supposed the development of unstable stratification. It seemed difficult to discuss clearly the decisive 

contribution of these local meteorological conditions to the formation of haze pollution. Therefore, we 

would continue to study the impact of turbulence in the local UCL. 

TKE, 𝑢∗, H and (z-d)/L exhibited obvious diurnal variation, with larger absolute values observed from 5 

13:00-18:00 (Fig. 2f-2i). Overall, TKE and 𝑢∗ were higher during the clean periods compared to the 

haze pollution periods, while H was larger and atmospheric instability was stronger during the pollution 

period from 12:00-18:00. Previous researches have generally found that H in the urban boundary layer 

was smaller and the atmospheric stratification was more stable during the pollution periods, which were 

unfavorable for pollutant dispersion (Ren et al., 2018; Wang et al., 2020). However, within the UCL of 10 

basin, atmospheric stratification was in an unstable state during much of the pollution periods. Which 

primarily influenced by the release of anthropogenic heat and urban canopy storage heat, with strong 

buoyancy effects and great vertical transport capacity of H. In summary, compared to the average 

turbulent state during the clean periods, the dynamic turbulent effect was weaker, while the thermal effect 

was stronger during the haze pollution periods in the UCL of basin. Both dynamic and thermal turbulence 15 

had complied influence on the evolution of haze pollution processes. Next, we would further analyze the 

specific details of these two pollution cases from the multi-scale turbulence, explore the causes of this 

pollution pattern in Lanzhou Basin, and how this turbulent transport condition, which was distinguished 

from most studies, contributed to haze pollution. 
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Figure 2. The mean diurnal variation of (a) concentrations of PM2.5, (b) PM2.5/CO, (c) relative humidity (RH), 

(d) temperature (T), (e) horizontal wind speed (WS), (f) turbulent kinetic energy (TKE), (g) friction velocity 

(𝑢∗), (h) sensible heat flux (H), and (i) stability parameter ((z-d)/L) under different conditions from LACMS 

in January 2021. Solid blue and red lines indicate clean and pollution periods, respectively.  5 

3.2 Influence of small-scale turbulent eddies within the UCL of basin on haze pollution processes 

The development of turbulent eddies within the UCL can be easily constrained or fragmented by 

roughness elements. The contribution of turbulent vortices at different scales to TKE varies. The 

contribution of turbulent eddies at different scales to TKE during Case 1 and Case 2 was illustrated in 

Fig. 3. Strong turbulence occurred from 14:00 to 18:00 on January 14, 2021 (red box), with the TKE 10 

could reach 3.27 m2 s-2. While, during the remaining periods, turbulence intensity was weaker, and the 

TKE did not exceed 1 m2 s-2. MRD analysis revealed that during the strong turbulence period, the small-

scale eddies with timescales shorter than 2 min contributed significantly to TKE, whereas during the 

weak turbulence period, the large-scale eddies with timescales longer than 15 min generally contributed 

more to TKE. The periods from 14:00 to 18:00 corresponded to the dissipation phase of PM2.5, with 15 

larger decreases in PM2.5 concentrations on January 14th, 19th, and 21st, 2021. The yellow boxes in Figs. 
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3g and 3i showed that the turbulent eddies with timescales shorter than 15 min from 14:00-18:00 on 

January 19th and 21st, 2021, contributed significantly to TKE. In summary, the contribution of small-

scale turbulent eddies with timescales shorter than 2 min to TKE was greater than that of large-scale eddy 

eddies with timescales longer than 15 min during the pollution periods. From 14:00-18:00, small-scale 

eddy eddies with timescales shorter than 15 min or even 2 min can efficiently remove the fine particle 5 

matters, resulting in the reduction of PM2.5 concentrations. 

Acevedo et al. (2014) found that TKE increased exponentially with the time scale in the sub-mesoscale 

motions range. Fig. 3 showed that when the eddy scale exceeded a certain threshold (e.g., 15 min), the 

TKE spectral value increased with the timescale. That suggested the presence of sub-mesoscale motions 

in this situation. In the two pollution cases we analyzed, sub-mesoscale motions were consistently present, 10 

and the presence of sub-mesoscale motions could drive the occurrence of turbulent intermittency events 

(Sun et al., 2012), which significantly influenced the development and evolution of haze pollution under 

weak turbulence conditions (Ren et al., 2023). Next, we discussed the energy transition process between 

turbulence and sub-mesoscale motions and its effect on the evolution of PM2.5 concentrations during 

turbulent intermittency events in the UCL of basin through the variation of local intermittent strength of 15 

turbulence (LIST), kinetic energy of turbulence and sub-mesoscale motions (KEturb and KEsub), and the 

difference in energy between them (∆KE, ∆KE = 𝐾𝐸𝑡𝑢𝑟𝑏 − 𝐾𝐸𝑠𝑢𝑏) over time. 
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Figure 3. Multi-Resolution Decomposition (MRD) spectra of turbulent kinetic energy (TKE) for Case 1 

(January 11–14, 2021, a-d) and Case 2 (January 17–21, 2021, e-i) over 30 min time scales. The solid black and 

white lines represent TKE average values within 30 min and the PM2.5 concentrations, respectively, and the 

filled colour denotes the TKE spectrum values. 

From Fig. 4b, 4c, and 4d (yellow arrows), it can be observed that between 08:00 and 13:00, LIST, KEturb 5 

and ∆KE were decreasing, while KEsub was increasing. Which suggested that the energy of the small-

scale mechanical turbulence was dissipating, the influence of the sub-mesoscale motions was relatively 

increasing, and the was decreasing gradually. According to the previous MRD analysis, the large-scale 

turbulent eddies with timescales longer than 15 min were disturbed by the sub-mesoscale motions. 

During these periods, the dynamical intensity of turbulence intermittency was stronger, coupled with the 10 

increase in primary source emission intensity, leading to the PM2.5 concentrations gradually rose. 

Subsequently, at 14:00-18:00 due to the increase in wind speed and buoyancy, wind shear caused by flow 

through rough elements and buoyancy convection provided the energy sources. Entering the turbulence 

burst periods, the turbulence effect gradually intensified (red arrow), with the turbulence intensity 

reaching maximum, resulting in a corresponding decrease in PM2.5 concentrations. At 19:00-22:00 the 15 

turbulence intensity weakened and ∆KE rapidly decreased or even ∆KE <0 (green arrow in Fig. 4d). 

Combined with the increase of primary emission, caused PM2.5 concentrations rose again. 

Ren et al. (2023) indicated that a sharp reduction of kinetic energy of turbulent contributed to the 

enhancement of the turbulent barrier effect, and the energy transition of sub-mesoscale to turbulent 

motions triggered the breaking of turbulent barrier. After ∆KE < 0, the turbulent barrier tended to be 20 

broken, followed by a significant increase in ∆KE. In the two haze pollution cases analysed in this study, 

the wind speed threshold of turbulence intensity (𝑉𝑇𝐾𝐸 = [(
1

2
)(𝜎𝑢

2 + 𝜎𝑣
2 + 𝜎𝑤

2)1/2]) was determined as 

0.75 m s-1 (Fig. S2) according to the method of Sun et al. (2012). At night (19:00-07:00 the next day), 

the wind speeds were below 0.75 m s-1, and the turbulence intensity was lower, which belonged to regime 

1 as Sun et al. (2012) suggested. Intermittency turbulent events were driven by sub-mesoscale motions. 25 

At 19:00-22:00 (green arrow in Figure 4d), there was a point where ∆KE  < 0, which was quickly 

followed by a significant increase in ∆KE in the subsequent short period. The phenomenon of energy 

transfer from sub-mesoscale to turbulence motions occurred, corresponding to the increasing KEturb and 
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decreasing KEsub. Therefore, the horizontal wind speeds and the turbulence intensity at night were lower, 

while the LIST gradually increased. These short-term turbulent bursts might break the turbulent barrier 

of the layer and promote the transfer and exchange of substances, which leaded to a decrease in PM2.5 

concentrations. 

During 00:00-07:00 on January 14, 2021, the horizontal wind speeds were lower, LIST, ∆KE and KEturb 5 

continuously decreased (blue arrows in Fig. 4b, 4c and 4d). This period was in the turbulent quiescent 

period with high turbulence intermittency intensity, yet it corresponded to a decrease of PM2.5 

concentration. The scavenging effect of the sub-mesoscale motions required further attention, which 

would be discussed in the following sections. Overall, turbulence intermittency within the UCL also 

significantly affected the development of haze pollution, in agreement with other studies in the near-10 

surface layers of urban (Ren et al., 2019) and relatively flat area (Li et al., 2023). 

 

Figure 4. Time series of (a) PM2.5 concentration, (b) local intermittent strength of turbulence (LIST), (c) 

kinetic energy of turbulence (KEturb solid red line) and kinetic energy of sub-mesoscale motion (KEsub solid 

blue line), and (d) the kinetic energy difference (∆𝐊𝐄 = 𝑲𝑬𝒕𝒖𝒓𝒃 − 𝑲𝑬𝒔𝒖𝒃) from January 11 to 21, 2021. The 15 

gray shading represents night between 19:00 and 07:00 the following day. 
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3.3 Influence of large-scale coherent structure within the UCL of basin on haze pollution processes 

Although the development of turbulent vortices in UCL was constrained by rough elements, thermal 

turbulence might still have some coherent structures that affected the transport and diffusion of fine 

particulate matters. We utilized quadrant analysis to examine the turbulent coherent structures within the 

UCL of basin on the momentum flux and sensible heat flux transport. The presence of the UCL disrupted 5 

the downward transport of momentum, and the release outward from the urban heat storage during the 

night time likely resulted in a positive sensible heat flux, which are consistent with other studies (Zou et 

al., 2017; Shi et al., 2019). The downgradient transport of momentum fluxes generally occurred from 

14:00-18:00 (shaded gray in Fig. 5c and 5d), with the sweeps (quadrant 4, solid green line) dominating 

the transport of momentum fluxes, whereas the outward interactions and inward interactions motions 10 

(quadrants 1 and 3, solid black and blue lines) dominated the counter-gradient transport of momentum 

fluxes in most of the other time periods. For the sensible heat flux (Fig. 5e and 5f), during the clean 

periods (not shown in the figure), the ejections and sweeps (quadrants 1 and 3, black and blue solid lines) 

dominated throughout most of the day, presenting 𝑤′𝜃′̅̅ ̅̅ ̅̅  > 0. Only occasionally at night or early in the 

morning, the ejections and sweeps (quadrants 2 and 4, solid red and green lines) dominated or four 15 

quadrants contributed equally, presenting 𝑤′𝜃′̅̅ ̅̅ ̅̅  < 0. While during polluted periods, this situation was 

more common at night or the early morning, because stable boundary layer was more likely to occur at 

night or early in the morning when there was pollution. 

The coherent structures of turbulent flows in UCL contributed significantly to the development of the 

boundary layer above UCL and the pollutants transport. As shown by the gray shadow in Fig. 5e, 5f, 5g 20 

and 5h the flux contributions of ejections (quadrant 1, solid black line) were greater than sweeps 

(quadrant 3, solid blue line) from 10:00 to 13:00, while the time fraction of ejections (quadrant 1, solid 

black line) were smaller than sweeps (quadrant 3, solid blue line). That was, less but intense updrafts 

surrounded by numerous but weak downdrafts, which was well consistent with the behaviour of thermal 

plumes (Stull, 1988). Maitani and Ohtaki (1987) pointed out that the ejections are more efficient than 25 

sweeps in transporting heat under unstable conditions. The presence of thermal plumes during pollution 

periods was slightly more than during clean periods, which enhanced the transportation efficiency of 

sensible heat flux. That further explained why the sensible heat flux was greater between 12:00 and 18:00 
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during the pollution periods. In addition, the effective transport of sensible heat flux by the thermal 

plumes promoted the elevation of the atmospheric boundary layer in the afternoon. As shown in the 

temperature profiles (Fig. S3a and S3c), the temperature inversion layer weakened or disappeared 

between 11:00 and 17:00, and the fine particulate matters could further diffuse upward into the 

atmosphere. It was also evident that the aerosol extinction coefficient was higher at the same height 5 

during the pollution period (10:00 to 13:00), with the extinction coefficient profiles showing an "up-

convex" shape (Fig. 5a and 5b). In this study, the concentration of fine particulate matters generally 

decreased with height (Fig. 5a and 5b). At 14:00-18:00, sweeps simultaneously transferred momentum 

flux and sensible heat flux, and also transported cleaner air from the upper part of the canopy downward 

to the interior of UCL. During this period, the turbulence intensity in the UCL was high, leading to clean 10 

air transported downward mix with the fine particulate matters, thus reducing the PM2.5 concentrations 

in the near-surface. Similarly, it can be seen from Fig. 5a and 5b that the peak value of extinction 

coefficient profiles gradually decreased during 14:00-18:00. However, the extinction coefficient contour 

at 14:00-18:00 on January 13, 2021 (white box) showed a peak at 400 m and a break at 200 m above the 

ground. Further analysis of the wind speed profiles during this period revealed that the wind speeds below 15 

500 m were less than 1 m s-1 (Fig. S3b), indicating weak diffusion and limiting the vertical extent of the 

sweeps effect. 

In addition to the coherent structure formed by turbulent motions, sub-mesoscale motions could also 

exhibit organization and coherence. For instance, Cheng et al. (2007) argued that strong winds are often 

accompanied by gusts with periods of 3 to 6 min, which are mixtures of low-frequency infrasonic waves 20 

and gravity waves, displaying a distinct coherent structure. Essentially, the gust is a form of sub-

mesoscale motion that possesses coherence and can form an organized structure. The previous analysis 

indicated that the turbulent eddies within the UCL were broken and susceptible to the influence of sub-

mesoscale motions, which could trigger turbulent intermittency events under the weak turbulent 

conditions. These sub-mesoscale motions also form organized coherent structures that affect the pollution 25 

processes. Analogous to the analysis method for coherent structures in turbulence, Fig. 5i, 5j, 5k and 5l 

display the correlation coefficient Rsub and flux contribution difference ∆𝑆  for the sub-mesoscale 

motions. Sect. 3.2 discussed the analysis of turbulence intermittency from 00:00 to 07:00 on January 14, 

2021, where strong turbulence intermittency and weak turbulence intensity were observed, but this period 
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was associated with a decrease in PM2.5 concentrations. From Fig. 5i and 5k, Rsub and ∆𝑆 > 0 (gray 

shading) during 00:00 to 07:00 on January 14, 2021, indicated that the sub-mesoscale motions in this 

period were dominated by downward motion (i.e., 𝑤𝑠𝑢𝑏
′  < 0 and 𝑢𝑠𝑢𝑏

′  < 0). When 𝑤𝑠𝑢𝑏
′  < 0 and 𝑢𝑠𝑢𝑏

′  

< 0, the relatively clean air outside the UCL or the upper basin was transported downward, which diluted 

the fine particle matters in the UCL. As shown in the aerosol extinction coefficient profiles (red arrow in 5 

Fig. 5a), the zero-contour line of the extinction coefficient gradually extended to the lower part of basin 

over time from 00:00 to 07:00 on January 14, 2021. Although the turbulence intermittency was strong 

and the turbulent diffusion ability was weak at this time, the organized structure formed by the larger-

scale sub-mesoscale motions played a positive role in the dissipation of PM2.5. In other pollution periods, 

the coherence of sub-mesoscale motions was also greater than 0 between 23:00 and to 07:00 the next day. 10 

Despite weak dynamic turbulence intermittency during this time, these organized sub-mesoscale motions 

might also have contributed to PM2.5 removal. For example, when 𝑤𝑠𝑢𝑏
′  > 0 and 𝑢𝑠𝑢𝑏

′  >0 (gray shadows 

on January 12th, 18th and 20th, 2021), PM2.5 with higher concentration in the UCL was transported 

upward and subsequently removed more easily with the help of stronger airflow above the canopy, 

resulting in a decrease in PM2.5 concentrations. 15 

 

Figure 5. Time series of (a-b) aerosol extinction coefficient profiles, (c-d) flux contribution of each quadrant 

for momentum, (e-f) flux contribution of each quadrant for sensible heat, (g-h) time fraction of each quadrant 

for sensible heat flux, (i-j) correlation coefficient of sub-mesoscale motions (Rsub), (k-l) flux contribution of 

sub-mesoscale difference between the downward and upward motion (∆𝐒) from Case 1 (January 11–14, 2021, 20 
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left panels) and Case 2 (January 17–21, 2021, right panels). The solid black, red, blue, and green lines 

represent the results of the quadrants 1, 2, 3, and 4, respectively. 

3.4 Characterization of multi-scale turbulence spectra within the UCL of basin at different stages 

of the pollution processes 

The previous analyses have indicated that small-scale turbulent eddy diffusion, intermittency turbulence 5 

and coherent structures within the UCL of basin could significantly influence the evolution of pollution 

processes. Moreover, sub-mesoscale motions could act as a driving factor for generating intermittency 

turbulence and might also form organized structures that contribute to pollution diffusion. These complex 

multi-scale atmospheric motions were coupled with each other and affected the evolution of pollution 

within the UCL of basin. The haze pollution processes within the UCL of basin undergone four typical 10 

patterns: the PM2.5 concentration rose from 08:00-13:00, decreased from 14:00-18:00, rose again from 

19:00-21:00, and decreased once more from 22:00-07:00 the next day. We compared the energy spectra, 

cospectra, phase spectra and coherence spectra characteristics of these four typical phases to further 

illustrate the effect of complex multi-scale turbulence structures. 

Overall, the energy spectra of 𝑢 all well follow the -2/3 power law in the inertial subrange. The 𝑢 15 

spectra (Fig. 6a1-d1) and 𝑢𝑤  cospectra (Fig. 6a2-d2) revealed a clear spectral gap between sub-

mesoscale and turbulent motions. Sub-mesoscale motions, emerging in the frequency range of 10-3~10-2 

(solid blue line in Fig. 6a1-d1 and 6a2-d2), contributed significantly to both the energy spectra and 

cospectra. And the peak frequency corresponding to the coherence spectra (Fig. 6a4-d4) with a large 

value suggested a strong correlation between 𝑢′ and 𝑤′, but the absolute value of the phase spectra (Fig. 20 

6a3-d3) was grater than π/16 indicating that was caused by two different physical processes. This 

suggested that turbulent and sub-mesoscale motions worked together during the four stages of haze 

pollution development. The 𝑢𝑤 cospectra exhibited a peak value in the frequency range of 10-1 to 100 

(solid black line in Fig. 6b2), reflecting those small-scale mechanical eddies had a great contribution to 

momentum flux. The 𝑢𝑤 cospectra corresponding to its peak frequency was low (Fig. 6b4), and the 25 

phase spectra (Fig. 6b3) approached 0, indicating small-scale eddies caused changes in 𝑢′  and 𝑤′ . 

Compared with Fig. 6a2-d2, the transport of momentum flux by turbulent motion (solid black line in Fig. 

6b2) was greater than transported by sub-mesoscale motions. Sub-mesoscale motions either resulted in 
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counter-gradient transport of momentum flux (integral of covariance spectrum (𝑓 ∗ 𝑢𝑤) was less than 0), 

or produced a smaller momentum flux (with a lower integral of the covariance spectrum (𝑓 ∗ 𝑢𝑤)). When 

the sub-mesoscale motion appeared in Fig. 6a, the PM2.5 concentration should continue to rise, and Fig. 

6b corresponded to the decrease of PM2.5 concentration. When the sub-mesoscale motion dominated 

(solid blue line in Figure 6b1-b4), the corresponding PM2.5 dissipation rate was lower. It was testified 5 

that the removal efficiency of PM2.5 by small-scale turbulence was higher than sub-mesoscale motions 

from 14:00 to 18:00 during the day.  

The turbulent intermittency increased as sub-mesoscale motions became more prominent. From the solid 

black line in Fig. 6b1 to the solid blue line in Fig. 6c1, the peak frequency of the 𝑢 spectra shifted from 

high to low frequencies. Additionally, the coherence spectra and phase spectra corresponding to the peak 10 

frequency of the cospectra increased, which suggested that the sub-mesoscale motions and the large-

scale turbulent eddies gradually dominated the changes of 𝑢′ and 𝑤′ together, with a strong correlation 

between 𝑢′ and 𝑤′. During this time, the turbulent quiescent periods occurred, and the influence of sub-

mesoscale motions was relatively increased. Similarly, the spectra characteristics of turbulence also 

shifted during the turbulent burst periods. Comparing the solid black line and the solid blue line in Fig. 15 

6d1, the solid blue line bulged upward at low frequencies, indicating the role of sub-mesoscale motions 

increased with stronger turbulence intermittency. At this point, the peak frequency corresponded to a 

higher coherence (blue solid line in Fig. 6d4), suggesting that the sub-mesoscale motions were more 

organized and also contributes positively to the removal of PM2.5. 
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Figure 6. (a1–d1) Energy spectra of 𝒖, (a2–d2) covariance spectra of 𝒖𝒘, (a3–d3) phase spectra of 𝒖𝒘, and 

(a4–d4) coherence spectra of 𝒖𝒘 within the UCL of basin. Six time points were selected to represent the 

following: (a1-a4) 08:00–13:00 on the January 11, 2021, (b1-b4) 16:30 on the January 14, 2021 (solid black 

line) and 18:00 on the January 12, 2021 (solid blue line); (c1-c4) 21:30 on the on the January 14, 2021, (d1-d4) 5 

01:30 on the on the January 21, 2021 (solid black line) and 02:30 on the January 14, 2021 (solid blue line).  

4 Conclusion 

The spatial and temporal distribution and variation of fine particulate matters are closely related to 

atmospheric turbulence motions. Due to the common influence of complicated basin urban underlying 

surface and anthropogenic heat sources, the turbulence structures within UCL of basin exhibited unique 10 

characteristics, and the mechanisms of their influence on the pollution processes were not completely 

clear. In this study, the general characteristics of the haze pollution processes and turbulence structures 

within the UCL of the Lanzhou Basin were analyzed by using the turbulence and vertical sounding data 

from the LACMS in January 2021, and the influence mechanisms of the complex multi-scale turbulence 

structures within the UCL of basin on the haze pollution processes were further explored. The time series 15 

https://doi.org/10.5194/egusphere-2025-177
Preprint. Discussion started: 3 March 2025
c© Author(s) 2025. CC BY 4.0 License.



21 

 

revealed that the haze pollution processes in the UCL of the Lanzhou Basin experienced a typical pattern: 

the PM2.5 concentrations increased from 08:00 to 13:00, decreased from 14:00 to 18:00, increased again 

from 19:00 to 21:00, and decreased once more from 22:00 to 07:00 the next day. In January of winter, 

the source emissions were slightly higher during the clean periods than during the pollution periods in 

Lanzhou, which indicated local meteorological conditions played a critical role in the occurrence of haze 5 

pollution processes. The TKE and turbulent fluxes in the UCL of basin exhibited obvious diurnal 

variation characteristics, which were stronger in the day and weaker at night. Moreover, due to the 

influence of anthropogenic heat sources, stable stratification occurred only briefly during the pollution 

processes, while unstable stratification occurred in most cases. The TKE and momentum fluxes in the 

cleaning periods were greater than in the pollution periods. But the thermal plumes appeared during the 10 

pollution periods from 12:00-18:00, which effectively transported the sensible heat flux, making the 

values larger during the pollution period. These turbulent structural features were different from other 

natural underlying surfaces. 

Next, two haze pollution cases were analyzed in detail to examine the influence of turbulence structures 

in the UCL on haze pollution evolution, as shown in Fig. 7. The analysis found that the thermal plumes 15 

effectively transported sensible heat flux from 10:00 to 13:00, which promoted the elevation of the 

atmospheric boundary layer in the afternoon, and the PM2.5 could further diffuse upward to the upper 

layer of the atmospheric boundary layer. Between 10:00 and 13:00, small-scale eddies with timescales 

less than 15 min or even 2 min could efficiently remove fine particulate matters, resulting in a decrease 

in PM2.5 concentrations. The sweeps also could transport the cleaner air from the upper part of the UCL 20 

to its inner part. At this time, the high turbulence intensity facilitated the mixing of clean air transported 

downward and the fine particulate matters, thus reducing the PM2.5 concentrations in the near surface 

layer. From 19:00 to 21:00, the turbulence intensity was weak on the whole, and the effect of turbulence 

gradually decreased. The emergence of the evening peak resulted in a rapid increase in primary emissions, 

leading to increase again in PM2.5 concentrations. From 22:00 to 07:00 the following day, the intensity 25 

of turbulence in the UCL remained still weak. However, when intermittency turbulence events driven by 

sub-mesoscale motions occurred, short-term intermittency turbulence reduced PM2.5 concentrations. In 

addition, we found that the sub-mesoscale motions could also form certain organized coherent structures, 

which might play a positive role in the dissipation of PM2.5 concentrations. Finally, by comparing the 
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characteristics of energy spectra, cospectra, phase spectra and coherence spectra of the four typical haze 

pollution stages, this study further confirmed the complex multi-scale effects of turbulence and sub-

mesoscale motions within the UCL of basin during different pollution phases. 

The results of this study demonstrated that the atmospheric turbulence structure of the UCL in the basin 

is highly complicated due to the influence of the heterogeneous distribution of rough elements and human 5 

activities. Although turbulent eddies developed at small scales, they played a significant role in the 

diffusive removal of pollutants. Thermal driven turbulent eddies might form organized coherent 

structures, such as ejections (thermal plumes) and sweeps, which affected the exchange of pollutants 

interior and exterior the UCL. Moreover, under the influence of heterogeneous surfaces, sub-mesoscale 

motions also played a significant role. Which could contribute to driving intermittency turbulence and 10 

might form coherent structures with certain organization to participate in pollution diffusion. These 

complex multi-scale atmospheric motions interacted and jointly impacted the evolution of pollution 

within the UCL of basin. The results of this study are crucial for the improvement of urban air pollution 

forecasting capabilities. 
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Figure 7. General characteristics of the turbulence structures within the UCL of basin and a schematic 

diagram illustrating the influence mechanism of the multi-scale turbulence structures on the haze pollution 

processes. 
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