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Abstract

:

As wind shear increases, the quasi-two-dimensional structure of flows becomes more significant in the convective boundary layer (CBL), indicating that wind shear plays an essential role in the variation of the field of atmospheric flow. Therefore, sensitive numerical experiments based on Large Eddy Simulation (LES) techniques were conducted to comprehensively investigate the effects of wind shear on the spatial variations in the velocity and potential temperature (θ) horizontal fields. Under the constant surface heat flux condition, the main findings are summarized. Firstly, in the CBL, the variances of the streamwise velocity (u), cross-stream velocity (v), and θ enhance as wind shear increases, whereas the variance of vertical velocity (w) is insensitive to wind shear. Secondly, in the CBL, with increasing wind shear, low-wavenumber Power Spectrum Densities (PSDs) of u, v, w, and θ increase significantly, suggesting that the increasing wind shear always enhances the large-scale motions of the atmosphere (i.e., low-wavenumber PSD). Therefore, it is more likely that some mesoscale weather processes will be triggered. Thirdly, generally, in the high-wavenumber range, with increasing wind shear, the PSDs of u, v, and θ increase slightly, whereas the PSD of w decreases slightly. This study provides a new perspective for understanding the role of wind shear in the spatial variations of the horizontal fields of meteorological elements under the same conditions of surface heat flux.
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1. Introduction


Under moderate surface heat fluxes and weak to negligible wind shear, convection can form into a quasi-two-dimensional structure known as an open cell. It is similar to the coherent turbulence structure of Rayleigh–Bénard convection in the laboratory, which consists of narrow spokes of strong updrafts and broad zones of compensating downdrafts [1,2]. Nevertheless, when mean wind shear becomes increasingly strong, convective updrafts tend to organize into horizontal rolls aligned within 10–20° of the geostrophic wind direction in the northern hemisphere [3,4]. All the above suggests that wind shear plays an essential role in the spatial variation of the convective boundary layer (CBL) flow field.



Understanding wind shear’s effects on the spatial variation of the flow field of the CBL has important implications for microscale and mesoscale meteorology. This is because wind shear produces perturbations in velocity, temperature, and the water vapor mixing ratio, which can influence the initiation of deep and moist convection [5,6,7]. In addition, it is known that vertical wind shear contributes to storms [8] and tornado formation [9]. Using a 10-year mesoscale convective system (MCS) dataset, Baidu et al. [10] showed that a strong vertical shear is associated with long-lived, moderate speed, moderate size, and cold (deep) storms with high rain rates over West and Central Africa. Furthermore, based on four years of daily Special Sensor Microwave Imager (SSMI) and Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) satellite passive microwave retrievals, Back et al. [11] demonstrated that at a high column relative humidity, faster winds are associated with substantially more precipitation throughout the Pacific Intertropical Convergence Zone (ITCZ). All the above may be due to the enhancement of the quasi-two-dimensional structure of the flow field induced by the strong wind shear.



Generally, turbulence within the CBL is generated and maintained by two forces, i.e., buoyancy (equivalent to heat flux) and wind shear [12]. Therefore, many studies have primarily focused on the relationships between the coherent structure and atmospheric instability -zi/L, a synthetic index of buoyancy and wind shear [13,14,15]. Here, zi is the CBL’s depth, and L is the Monin–Obukhov length. However, as illustrated by Moeng et al. [12], due to the different mechanisms of buoyancy and wind shear forces, the flow structure patterns and turbulence statistics of the flow field are quite different. In fluid mechanics research, there are numerous outstanding works investigating the effects of wind shear on the structure and statistics of turbulent flows. For example, through direct numerical simulations of homogeneous turbulent flows, Lee et al. [16] show that high shear rates alone are sufficient to produce streak-like structures and that the presence of solid boundaries is unnecessary. However, in the CBL, the situation is more complex, with shear turbulence always accompanied by buoyant turbulence. To the authors’ knowledge, in meteorological research, relatively few studies have been carried out on the effects of wind shear on atmospheric motion at different scales in the CBL. Therefore, exploring the wind shear effect under identical heat flux conditions is valuable with respect to more comprehensively understanding the spatial variation of the horizontal field of meteorological elements in the CBL and discussing its impact on mesoscale weather processes.



Therefore, this study focuses on the effect of wind shear on the spatial variation of meteorological elements’ (i.e., velocity and potential temperature) fields in the CBL by using the Large Eddy Simulation (LES) model, Kernel Smoothing Function Estimation (KSFE) method, and two-dimensional (2-d) Power Spectral Density (PSD) techniques [15]. This study introduces a new perspective to more comprehensively understand the role of wind shear in the spatial variations of the atmospheric flow field.




2. Data and Methods


In recent years, the Weather Research and Forecasting (WRF) model framework embedded with an LES model (WRF-LES) has been used to analyze the behavior of the PBL under different stability conditions and to implement and develop new turbulence parametrizations [17,18]. Given LES’s prominent and important role in studying boundary layer dynamics, this study uses the WRF-LES version 4.0 to reproduce the turbulent flow data.



Three benchmark simulations are run on a domain of 12.8 × 12.8 × 3 km, with a 512 × 512 × 120 grid (horizontal grid spacing Δx = Δy = 25 m; vertical grid spacing Δz = 25 m), and a timestep of Δt = 0.15 s. At a speed of 20 m s−1, we can calculate that the Courant–Friedrichs–Lewy (CFL) number is equal to 0.12, which satisfies the requirement for convergence of the numerical calculation. The initial Convective Boundary Layer (CBL) depth zi is set at about 1000 m. To evaluate the impact of wind shear on the CBL flow’s self-organization, the LES was forced by different zonal pressure gradients expressed in terms of the zonal geostrophic wind speed Ug and a constant surface heat flux (Q0). The increase in Ug represents the increase in wind shear. The Coriolis parameter was set to f = 1.0 × 10−4 s−1, corresponding to latitude ϕ = 43.3°N, and the roughness length was set to z0 = 0.1 m. The 1.5-order turbulent kinetic energy (TKE) model was chosen as the WRF-LES sub-grid closure scheme [19,20]. Periodic boundary conditions are used in the x- and y- directions. The rigid-lid upper boundary condition is used, and Rayleigh damping is applied for the top 1000 m of the simulation domain.



According to Moeng et al. [12], the dynamic flow field typically takes about 6 large-eddy turnover times (represented by    t 0  = 6 ×  τ *   ) to reach a statistically quasi-steady state. Here,    τ *    is the large-eddy turnover time estimated by    z i  /  w *   , approximately 500 s in the WRF-LES simulations, which agrees with Shin et al. [21]. Simulations are performed for 3 h of physical time, much greater than the minimum duration of 0.83 h, to obtain the fully developed turbulence data. Since the horizontal grid number (512 × 512) is sufficient for statistics, the 3-d simulation data at 3 h of physical time are used in the study for analysis. Following the derivation employed by Troen et al. [22], the boundary layer height is expressed as Equation (1)


   z i  = R i  b  c r      θ  v a   ×    |  U  (   z i   )   |   2    g ×  [   θ v   (   z i   )  −  θ s   ]     



(1)




where Ribcr is the critical bulk Richardson number, U(zi) is the horizontal wind speed at zi,    θ  v a     is the virtual potential temperature at the lowest model level,    θ v   (   z i   )    is the virtual potential temperature at zi, and    θ s    is the surface potential temperature. It is generally accepted that when the Richardson number is less than 0.25, turbulence is usually considered fully developed; therefore, Ribcr = 0.25 is used to calculate zi [23].



A summary of the characteristics of the simulations, including the forcings (Ug and Q0), characteristic length (L and zi), and velocity scales (friction velocity—   u *    and convective velocity—   w *   ) can be found in Table 1.



The atmospheric convective boundary layer height is typically about 1 to 1.5 km, so we use the same initial potential temperature profile as Shin et al. [20], as shown in Equation (2).


  θ =  {      300 m     : 0 < z ≤ 925 m       300 K +  (  z − 925 m  )  × 0.0536 K ·  m  − 1       : 925 < z ≤ 1075 m       308.5 K +  (  z − 1075 m  )  × 0.003 K ·  m  − 1       : z > 1075 m        



(2)







Since the horizontal gradient can effectively represent the spatial variation of physical quantities, to perceive the spatial variation of the horizontal fields of the streamwise wind component (u), cross-stream wind component (v), vertical velocity (w), and potential temperature (θ) with the mean wind shear, the horizontal spatial gradients of u, v, w, and θ, i.e.,   ∇ u  ,   ∇ v  ,   ∇ w  , and   ∇ θ  , are used to directly and approximately account for their spatial variation.



The KSFE (based on a normal kernel function) is adopted to calculate the Probability Density Function (PDF) of the meteorological elements with the default bandwidth of the smoothing window (which is optimal for normal densities). The kernel distribution is suitable when a parametric distribution cannot properly describe the data or when the user wants to avoid making assumptions about the data distribution and create a smooth, continuous probability density function for the data set.



This study emphasizes the spatial PSD characteristics of u, v, w, and θ horizontal fields calculated by the 2-dimension Fourier Transform. In the CBL, velocity and scalar fields can approach isotropy in the horizontal plane, and the power spectral density depends only on horizontal wavenumber’s magnitude [24]. Thus, Peltier et al. [25] defined and introduced a 1-dimension PSD    F  c c    (   k h   )    by integrating 2-dimension PSD    ϕ  c c    (   k 1  ,  k 2   )    over circular rings of wavenumber radius    k h    (Equation (3))


   F  c c    (   k h   )  =   ∫  0  2 π    ϕ  c c    (   k 1  ,  k 2   )  ×  k h  d θ  



(3)




where    k h  =    k 1 2  +  k 2 2     ;    k 1    and    k 2    are x-direction and y-direction wavenumbers, respectively. We adopt the more precise Peltier et al. [25] method to calculate the PSD of the instantaneous velocity and horizontal temperature fields.




3. Results


3.1. Effects of Wind Shear on the Horizontal Fields of Meteorological Elements


To better understand the evolution of the coherent structure of velocity and scalar fields with wind shear, we examine the horizontal structures of the flow velocity and potential temperature. Figure 1 presents the instantaneous snapshots of the flow velocity and potential temperature fields on the horizontal plane at z/zi = 0.5 and 3 h of physical time.



As shown in the first column of the plots in Figure 1, w’s horizontal field transforms from cellular structures to roll-type organizations as Ug increases from 0 to 20 ms−1, which is consistent with Young et al.’s findings [4]. The horizontal structures of w consist of rectangular cells with narrow updrafts along the edges and broad downdrafts in the center when Ug = 0 ms−1 (Figure 1a); as Ug = 20 ms−1 (Figure 1e), they are characterized by long and linear updrafts bent slightly from the x-direction; as Ug = 10 ms−1 (Figure 1i), they are in an intermediate transition state. The transition of w’s horizontal structures corresponds to Salesky et al.’s [26] and Zhou et al.’s [27] findings.



Furthermore, from the remaining columns of the plots in Figure 1, we also find that as Ug increases, the organized large-scale structures of u, v, w, and θ grow significantly, implying that wind shear might play a key role in the organization of the flow velocity and other scalar horizontal fields, and enhanced wind shear would, in turn, produce more organized and larger structures in the CBL. Our next step is to prove and explain this effect based on statistics.




3.2. Effects of Wind Shear on the Vertical Mean Profiles of the Meteorological Elements


The vertical profiles of the horizontal averaged u, v, w, and θ are initially investigated at 3 h of physical time. As displayed in Figure 2a–c, u, v, and θ increase monotonically with an increasing Ug, whereas the differences in θ’s vertical profiles are not significant with an increasing Ug throughout the CBL’s depth, which is consistent with the studies of Park et al. [14]. The magnitude of u and v increase near the ground and reach a quasi-constant value in the middle of the CBL; then, u begins to rise rapidly to the Ug, and v declines rapidly to 0 near the inversion (around z/zi = 1.0), which is consistent with the studies of Salesky et al. [26].



The w variance (   σ w 2   , Figure 2d), u variance (   σ u 2   , Figure 2e), v variance (   σ v 2   , Figure 2f), and θ variance (   σ θ 2   , Figure 2g) are examined throughout the height of the CBL. For a fixed value of z/zi and a constant Q0,    σ w 2    differs insignificantly, whereas    σ u 2    and    σ v 2    increase monotonically with an increasing Ug, suggesting that the TKE vertical component,    σ w 2   , remains nearly identical, and the TKE horizontal components,    σ u 2    and    σ v 2   , become larger with an increasing Ug, which is consistent with the results of Salesky et al. [26].



As a forcing factor, Q0 remains constant, and so    σ w 2    remains stable regardless of wind shear; otherwise, an increase in    σ w 2   , i.e., an increase in w fluctuations, will lead to an increase in Q0, which contradicts the condition that Q0 remains constant. In addition, the profiles of    σ w 2    present a mono-peak structure with a peak near the middle of the CBL (z/zi = 0.4). Meanwhile, the profiles of    σ u 2    present a dual-peak structure with a peak near the surface and the other near the top of the CBL, similar to the theoretical variance vertical profiles of Rayleigh–Bénard convection [27,28]. However, the θ variance,    σ θ 2   , increases in the entrainment layer (around z/zi = 1.0) significantly (Figure 2g), whereas it increases in the middle CBL (around z/zi = 0.5) only slightly with an increasing wind shear (Figure 2h). Nonetheless, the    σ θ 2    vertical profiles in Figure 2g are generally consistent with those reported by Sorbjan et al. [29].




3.3. Effects of Wind Shear on the Spatial Gradients of Horizontal Fields of the Meteorological Elements


In Figure 3, the distributions of u, v, w, and θ’s horizontal gradient magnitudes are similar to the structures of u, v, w, and θ’s horizontal fields at z/zi = 0.5 (Figure 1). Moreover, u, v, and θ’s horizontal gradient magnitude distributions (Figure 3) demonstrate that the horizontal gradient magnitudes increase with an increasing wind shear at z/zi = 0.5, which means that the spatial variation of u, v, and θ strengthens as the wind shear increases in the middle of the CBL. On the other hand, the variational tendency of the horizontal gradient magnitude of w with wind shear is not obvious at first glance and requires further investigation.



To represent the spatial variation characteristics of the meteorological elements with wind shear more precisely and quantitively, we applied the KSFE to estimate the PDFs of the horizontal gradient vector magnitudes of u, v, w, and θ. However, it is reasonable and feasible to use the union of the real and imaginary parts of gradient vectors to estimate the PDFs (Figure 4) for u, v, and θ’s gradients. At z/zi = 0.5, the PDFs of the gradient vector magnitudes decrease with an increasing wind shear near the point of gradient value = 0 in the x-coordinate and increase relatively far away from the point as wind shear increases (Figure 4b–d). Since the sum of the samples is identical for all cases, the small gradient sample number decreases, and the large gradient sample number increases with increasing wind shear. In other words, the spatial variations of u, v, and θ become more pronounced as wind shear increases in the middle of the CBL, which is consistent with the result that the variances of u, v, and θ increase with an increasing wind shear at z/zi = 0.5 (Figure 2e–h).



For w, at z/zi = 0.5. However, with an increasing wind shear, there is no obvious variational tendency in the PDFs of the horizontal gradient magnitudes. Furthermore, the PDFs with Ug = 0 ms−1 and Ug = 10 ms−1 are almost identical, whereas the PDF with Ug = 20 ms−1 is minimum near the point of gradient value = 0 in the x-coordinate (Figure 4a), which is consistent with the result that the variances of w almost remain identical with Ug = 10 ms−1 and Ug = 20 ms−1 at z/zi = 0.5 (Figure 2d).



The distributions of the horizontal gradients of u, v, w, and θ near the surface (z/zi = 0.1) are also investigated. As shown in Figure 5 and Figure 6, with an increasing wind shear, the evolutions of w, u, v, and θ’s horizontal gradient magnitudes at z/zi = 0.1 are similar to those at z/zi = 0.5, i.e., with increasing wind shear, at z/zi = 0.1, the horizontal gradient magnitudes of u, v, and θ increase, whereas the horizontal gradient magnitudes of w still present an insignificant variation trend (Figure 5). This is due to the results that, with increasing wind shear, w’s variances differ a little and almost remain identical throughout the CBL’s depth (Figure 2d). Hence, at z/zi = 0.1, the PDFs of horizontal gradient magnitudes of w also present an insignificant variation trend with wind shear, such as reaching a maximum with Ug = 10 ms−1 and a minimum with Ug = 0 ms−1 near the point of gradient value = 0 in the x-coordinate (Figure 6a).



However, based on the gradient and variance analysis, it can be inferred that, under the condition of identical surface heat flux, the spatial variations of u, v, and θ’s horizontal fields are enhanced as the wind shear increases. Nevertheless, the spatial variations of w’s horizontal fields are insensitive to wind shear throughout the CBL.




3.4. Effects of Wind Shear on 2-d PSDs of Meteorological Element Fields (2 Dimensions)


The study of the horizontal gradient of meteorological elements indicates that the spatial variations of u, v, and θ’s horizontal fields are significantly influenced by wind shear, whereas the spatial variations of w’s horizontal fields are insensitive to wind shear. Nonetheless, the horizontal gradients cannot precisely and comprehensively describe the details of the impact. Better mathematical tools are required to achieve it. As the 2-d PSD can provide more reliable scale information than the 1-d PSD, Peltier et al. [25] applied the 2-d PSD to study the unstable layer. Gibbs et al. [30] also applied the technique to compare the velocity data produced by two models. Therefore, the 2-d PSD is adopted to reveal the spatial variation characteristics of u, v, w, and θ fields with wind shear. However, u is taken as an example to demonstrate the calculating process of 2-d PSD (Equations (4)–(5). The    u m n    represents u at (m, n); m and n are the x-direction and y-direction grid indexes, respectively; M and N are the x-direction and y-direction grid numbers, respectively;    U p q    is the 2-d Fourier Coefficient at (p, q);    ϕ  u u    (   k 1  ,  k 2   )    is the PSD at (   k 1  ,  k 2   );    k 1    and    k 2    are the x-direction and y-direction wavenumbers, respectively; and    K 1    and    K 1    are the x-direction and y-direction sampling wavenumbers, respectively. In this study,    K 1  =  K 2  =   1/25. Before calculating the PSD, the mean values of u, v, w, and θ fields at each vertical level are removed, respectively.


    U p q  =   ∑   m = 0  M    ∑   n = 0  N   u m n   e  − 2 π i  (    p m  M  +   q n  N   )       p ∈  [  0 , M − 1  ]  , q ∈  [  0 , N − 1  ]    



(4)






   ϕ  u u    (   k 1  ,  k 2   )  =  ϕ  u u    (    p ×  K 1   M  ,   q ×  K 2   N   )  =      |   U p q   |   2    M × N ×  K 1  ×  K 2     



(5)







As the 2-d PSD represents the harmonic power, Figure 7 and Figure 8 show the power distributions of the harmonic constituents with different wavenumbers. The harmonic powers peak near the center of the 2-d wavenumber plane (around kh = 0) and decrease rapidly toward the edge of the 2-d wavenumber plane (toward high    |   k 1   |    and    |   k 2   |   ), which indicates that a low wavenumber harmonic carries more power than high wavenumber harmonics, and harmonic power decreases with an increasing wavenumber with respect to only one harmonic being inspected.



Notably, u 2-d PSDs are elongated in the k2-direction (i.e., y-direction; Figure 7b and Figure 8b), and the v 2-d PSDs are elongated in the k1-direction (i.e., x-direction; Figure 7c and Figure 8c). This is consistent with the turbulence theory, which suggests that the ratio of longitudinal to transversal spectra in the inertial subrange should be larger than one. For isotropic turbulence, this ratio is equal to 4/3 [31]. According to the theory, as the x and y directions are transverse directions for w, the ratios of the isotropic inertial-subrange 2-d PSDs of w along the wavenumber coordinates (   k 1   ,    k 2   ) should approximately equal unity. As illustrated in Figure 7a and Figure 8a, the 2-d PSD of the w field presents a geometric distribution of center symmetry consistent with the simulation results of Gibbs et al. [30]. Since θ has a strong correlation with w, the 2-d PSDs of θ present identical geometric distributions (Figure 7d and Figure 8d).



As displayed in Figure 7 and Figure 8, the 2-d PSDs of u, v, w, and θ increase monotonically with increasing wind shear in the low wavenumber region (the center of the 2-d wavenumber plane) but almost remain stable in the high wavenumber region (far away from the center of the 2-d wavenumber plane), regardless of z/zi = 0.1 or z/zi = 0.5. To better analyze the variation trend of the PSDs with wind shear, the 2-d PSD is converted to the 1-d PSD (Figure 9 and Figure 10) by following Peltier et al. [25] and Sullivan et al. [32] (introduced in Section 2).




3.5. Effects of Wind Shear on 2-d PSDs of Meteorological Element Fields (1 Dimension)


The 1-d PSDs of u, v, w, and θ horizontal fields at z/zi = 0.5 and z/zi = 0.1 are investigated. As shown in Figure 9 and Figure 10, the PSDs demonstrate the transfer process of energy from large scales (in the energy-containing range) of motion to the small scales (inertial subrange), capture the peak reasonably, and exhibit the    k  − 5 / 3     slope in the inertial subrange [33]. The peak in the w PSDs broadens and shifts to higher wavenumbers at z/zi = 0.1, which is in agreement with the results of Sullivan et al. [32] and occurs due to inviscid blocking by the presence of walls.



However, it should be noted that the PSD damps more rapidly than    k h  − 5 / 3     in the very high wavenumber space (λ < 6Δles, approximately), as described by Shin et al. [21], where Δles represents the grid spacing of the LES and λ is the wavelength. Zhou et al. [34] also reported the rapid decay of the Advanced Regional Prediction System (ARPS) LES simulations. Skamarock et al. [35] suggest that the rapid decay of the PSD of small-scale eddies (λ < 6Δles) is caused by the formulation and application of explicit and implicit filters in numerical schemes, which diffuse and attenuate physical variables. Moreover, in the extremely high wavenumber space (λ < 3Δles), the PSD decreases with the increasing wind shear (Figure 9 and Figure 10). This is because the odd-ordered schemes are dissipative and possess a dissipation term with a coefficient proportional to the Courant number [36]. Therefore, as the larger horizontal wind speed entails a larger numerical dissipation, the PSDs decrease with the increasing wind shear in the extremely high wavenumber space (λ < 3Δles).



However, the numerical scheme’s dissipation causes the PSDs to decay more rapidly than the    k h  − 5 / 3     slope in the very high wavenumber space (λ < 6Δles). Therefore, in this study, the very high wavenumber spaces (λ < 6Δles) were excluded to obtain the correct conclusion.



For convenience, we define a critical point on the wavenumber x-coordinate, named the Critical Wavenumber (CWN), to describe the location where the PSD curves almost collapse into each other for the first time. We define the space consisting of wavenumbers less than the CWN as the low-wavenumber range (kh < CWN) and the space consisting of wavenumbers greater than the CWN as the high-wavenumber range (kh > CWN).



At z/zi = 0.5, the slope of the PSD curve of w is steeper than those of u, v, and θ, which is more consistent with the    k h  − 5 / 3     law (Figure 9). However, with the increasing wind shear, the PSD increases significantly in the low-wavenumber range, while in the high-wavenumber range, for u and v, the PSD increases slightly with increasing wind shear, while for w, the PSD decreases slightly with increasing wind shear (Figure 9a–c).



According to Parseval’s Theorem, the integration of a PSD over the entire wavenumber range is equal to the variance of the signals. Therefore, under identical surface heat flux conditions, with increasing wind shear, the PSDs of u and v nearly increase in the entire wavenumber range, resulting in the variance of u and v increasing significantly, whereas the PSDs of w in the high-wavenumber range decrease slightly, resulting in the variance of w remaining stable at z/zi = 0.5.



At z/zi = 0.1, some new changes can occur because of the shear forces strengthening near the surface and the presence of walls.



For u and v, as Ug = 0 ms−1, in the inertial subrange, the slopes of u and v PSD are more consistent with the    k h  − 5 / 3     law, while as Ug = 10 ms−1 and Ug = 20 ms−1, the slopes of u and v PSD deviate from the    k h  − 5 / 3     law (Figure 10b–c). This may be because the turbulent eddies in the inertial subrange lose their isotropy due to the presence of walls. The PSDs of u and v increase with increasing wind shear in the entire wavenumber range, resulting in the variance of u and v increasing significantly with increasing wind shear. However, the PSD curves of u and v still collapse into each other at the CWN point.



For w, at z/zi = 0.1, the PSD curves tend to be flatter in the entire wavenumber space range than those at z/zi = 0.5 (Figure 9a vs. Figure 10a), due to the w fields at z/zi = 0.1 being blocked by the presence of walls [32]. It should be noted that in the high-wavenumber range, the PSD of w slightly decreases with increasing wind shear. Thus, at z/zi = 0.1, because (1) the low-wavenumber PSD values are much smaller than those of u and v, and (2) the PSD decreases slightly with increasing wind shear in the high-wavenumber range, resulting in the variance of w being the largest as Ug = 0 ms−1 (Figure 2d).



For θ, the PSD curves are flatter over the entire wavenumber space at z/zi = 0.1 than at z/zi = 0.5 (Figure 9d vs. Figure 10d). With increasing wind shear, the PSD of θ increases significantly in the low-wavenumber range and slightly in the high-wavenumber range. However, the magnitude of the PSD of θ is significantly smaller than that of u and v (Figure 9 and Figure 10), which leads to a slight increase in the variance of θ with increasing wind shear at z/zi = 0.1 (Figure 2h).




3.6. The Effects of Filtering the Energy of Large-Scale Atmospheric Motions Out


The Butterworth Filter is a signal-processing filter designed to have a frequency response that is as flat as possible in the passband [37]. To further investigate the evolution of the PSDs of meteorological element fields with wind shear, the 2-d Butterworth High Pass Filter (2-d BHPF) is introduced here to remove low wavenumber components from u, v, w, and θ horizontal fields and preserve high wavenumber components. According to Equation (6), the transfer function is defined as   H  (  p , q  )   , where D0 represents the cut-off wavenumber. The 2-d BHPF passes all the wavenumbers greater than the D0 value without attenuation and discards all the wavenumbers less than it.   D  (  p , q  )    is the Euclidean distance from any point (p, q) to the origin of the wavenumber plane, i.e.,   D  (  p , q  )  =    p 2  +  q 2     . The p and q represent the wavenumbers in the x-direction and y-direction, respectively. The n is the order of the filter and is set as six to reduce the transition process from passband to stopband sharply. The approach to obtaining the filtered data follows these steps: first, obtain the 2-d Fourier Transform of u, v, w, and θ horizontal fields; second, acquire the product of the 2-d Fourier spectrum and the Transfer Function in the wavenumber space; and finally, take the Inverse 2-dimension Fourier Transform of the product data of u, v, w, and θ to obtain the filtered data.


  H  (  u , v  )  =  1  1 +   (  D 0  / D  (  u , v  )  )   2 n      



(6)







The D0 is set as 9.375 × 10−4 m−1, which means the harmonics with wavenumbers less than 9.375 × 10−4 (i.e., λ > 1067 m) are filtered out. As wind shear increases, the snapshots of the w, u, v, and θ horizontal fields at z/zi = 0.5, which are filtered out of harmonics with λ > 1067 m, present no obvious large-scale organized structures, preferring the distribution of random white noise, as shown in Figure 11. In contrast, as displayed in Figure 1, the organized large-scale structures of the u, v, w, and θ horizontal fields are more pronounced, indicating that large-scale atmospheric motions (i.e., a low-wavenumber PSD) play an essential role in the organization of the large-scale structures of the CBL. Therefore, it is reasonable to expect that as the mean wind shear increases, the large-scale atmospheric motions will also increase. Therefore, the organized large-scale structures in the CBL become apparent with increasing wind shear.



To investigate the effects of low wavenumber harmonics on the variances of the u, v, w, and θ horizontal fields, the D0 is set as 3.125 × 10−4 m−1 (λ = 3200 m), 6.25 × 10−4 m−1 (λ = 1600 m), 9.375 × 10−4 m−1 (λ = 1067 m), and 1.25 × 10−4 m−1 (λ = 800 m) to remove the harmonics with λ greater than 3200, 1600, 1067, and 800 m, respectively. The vertical variance profiles of the filtered u, v, w, and θ horizontal fields are plotted in Figure 12.



As D0 increases, increasingly more low wavenumber harmonics are removed from the u, v, w, and θ horizontal fields, and the vertical variances of the u, v, w, and θ decrease significantly at all elevations of the CBL. This indicates that the large-scale motions (i.e., low-wavenumber PSD) contribute significantly to the magnitudes of the horizontal field variances of the u, v, w, and θ.



In terms of the u, in the range of 0.3 to 0.9 z/zi, as D0 increases, the variances with Ug = 20 ms−1 decrease sharply and rapidly approach the variances with Ug = 0 and Ug = 10 ms−1 (Figure 12, second column). This is because (1) the low-wavenumber PSD is large enough to affect the magnitude of the variance significantly, and (2) the low-wavenumber PSD increases with increasing wind shear, resulting in the variance with a large wind shear rapidly approaching that of a small wind shear as increasingly more low-wavenumber harmonics are filtered out (Figure 12r). However, in the near-surface layer, about 0 to 0.3 z/zi above ground level, even if D0 is set to the largest value (i.e., kh = 1.25 × 10−4 m−1), the differences between the vertical profiles of variance are still noticeable (Figure 12r). This is because the PSDs increase with increasing wind shear in the high-wavenumber range at z/zi = 0.1 (Figure 10b), resulting in the vertical profiles of variance constantly diverging from each other in the near-surface layer (0.0–0.3 z/zi), regardless of the wind shear.



In terms of v, the situation is similar to that of the u (Figure 12, third column).



In terms of w, in the range of 0.0–1.0 z/zi, as D0 increases, the variances with Ug = 10 ms−1 and Ug = 20 ms−1 decrease more rapidly than those with Ug = 0 ms−1 (Figure 12, first column). This implies that the increases in the PSD in the low-wavenumber range compensate for the slight decreases in the high-wavenumber range with the increasing wind shear (Figure 9a and Figure 10a). Therefore, as the low wavenumber harmonics are filtered out, the vertical variance profiles of w with Ug = 10 ms−1 and Ug = 20 ms−1 decrease more rapidly than those with Ug = 0 ms−1.



In terms of θ, the variances increase with increasing wind shear in the range of 0.1–0.8 z/zi (Figure 12d). However, as D0 increases, the variances with Ug = 10 ms−1 and Ug = 20 ms−1 sharply decrease and approach those with Ug = 0 ms−1 (Figure 12h,l,p,t). This indicates that as wind shear increases, the increases in PSD in the low-wavenumber range contribute significantly to the increases in the variance of the θ horizontal fields. Furthermore, because the PSD magnitude of θ is significantly smaller than that of u and v (Figure 9 and Figure 10), for example, the PSD magnitudes of θ are less than 10−2 while the PSD magnitudes of u and v are much larger than 10−2 (Figure 9 and Figure 10), the variance of the θ horizontal field is much smaller than that of u and v (Figure 12).





4. Discussion and Conclusions


For clarity, the main findings can be summarized as follows. It should be noted that all conclusions are drawn under the same conditions of surface heat flux.



	(1)

	
In the CBL, as wind shear increases, the variance of w differs insignificantly, u and v increase monotonically, and the variance of θ increases slightly, which implies that the spatial variations of u, v, and θ are enhanced as the wind shear increases. The spatial variation of w is insensitive to wind shear throughout the CBL depth. This is consistent with the results of the horizontal gradients of u, v, w, and θ.




	(2)

	
In the middle CBL (about 0.2–0.8z/zi), with increasing wind shear, the low-wavenumber PSDs of u, v, w, and θ increase significantly. In addition, in the high-wavenumber range, with increasing wind shear, the PSDs of u and v increase slightly, and the PSD of w decreases slightly, while the PSD of θ almost remains stable.




	(3)

	
In the surface layer CBL (about 0.0–0.2 z/zi), low-wavenumber PSDs of u, v, w, and θ increase significantly with the increasing wind shear. Moreover, in the high-wavenumber range, with increasing wind shear, the PSDs of u and v increase, and the PSD of w decreases slightly, while the PSD of θ increases slightly.




	(4)

	
However, the low-wavenumber PSDs of u, v, w, and θ increase significantly with increasing wind shear in the CBL, indicating that the large-scale motions of the atmosphere are constantly enhanced with increasing wind shear, which means the large-scale coherent 2-d structures of the atmospheric flows in the CBL become more significant and ordered with increasing wind shear.




	(5)

	
The PSDs can more precisely elucidate the spatial variation of u, v, w, and θ with wind shear. Generally, with increasing wind shear, the PSDs of u and v increase in nearly the entire wavenumber range, resulting in u and v having increased variances. On the contrary, with increasing wind shear, the PSD of w increases in the low-wavenumber range and decreases slightly in the high-wavenumber range, which results in the variance of w differing insignificantly. Since the magnitude of the PSD of θ is much smaller than those of u and v, the variance of θ increases with increasing wind shear, but it is much smaller than the variances of u and v.







The finding that a low-wavenumber PSD increases significantly with increasing wind shear can explain the phenomenon that self-organized convection strengthens with the increase in wind shear. This is because the large-scale motions of the atmosphere (i.e., low-wavenumber PSD) always increase as wind shear increases and are, therefore, more likely to trigger some mesoscale weather processes. This interpretation can cover some findings of mesoscale meteorological phenomena. For example, horizontal convective rolls influence the initiation of deep and moist convection [5,6,7] and the formation of storms [8] and tornados [9]. In addition, faster winds are associated with substantially more precipitation [11]. This may help forecasters to speculate on the likelihood of strong convective weather processes based on the mean wind shear intensity of the CBL.



Moreover, zi/L is used to define the turbulent state of the atmosphere and determine the degree of stability or instability [38]. For example, in Table 1, with increasing wind shear, zi/L increases from −1047 to −8. This means that as wind shear increases, the atmosphere experiences a transition from extremely unstable to nearly neutral. Therefore, it is reasonable to expect that with increasing wind shear, the increase in large-scale motions (low-wavenumber PSD) can increase the atmospheric stability of the CBL. With increasing wind shear, the enhanced large-scale motions strengthen the large-scale coherent flow structures in the CBL. In addition, with increasing wind shear, the atmospheric flow structures become more orderly; in this sense, the atmosphere is more stable.



The results of this study are based on the same surface heat flux preconditions. However, the surface heat flux cannot remain constant as the wind shear increases. Therefore, we will further investigate the interaction between wind shear and surface heat flux under variable surface heat flux conditions. This study provides a new perspective for understanding the role of wind shear in the spatial variations of horizontal fields of meteorological elements and provides a reference for other researchers to conduct further studies.
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Figure 1. Instantaneous snapshots of velocity component w (first column), velocity component u (second column), velocity component v (third column), and potential temperature θ (last column) from LES simulations at z/zi = 0.5 and 3 h of physical time across the range of geostrophic wind speed. First row Ug = 0 ms−1; second row Ug = 10 ms−1; third row Ug = 20 ms−1. Note that the color scale on each plot is different for contrast and clarity. 
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Figure 2. The vertical profiles of horizontal averaged u (a), v (b), and θ (c), and variances of w (d), u (e), v (f), and θ (g,h) from LES simulations at z/zi = 0.5 and 3 h of physical time. The blue, red, and yellow lines represent the geostrophic wind forcing of Ug = 0, 10, and 20 ms−1, respectively. 
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Figure 3. Instantaneous snapshots of w’s gradient magnitude (   |  ∇ w  |   , the first column), u’s gradient magnitude (   |  ∇ u  |   , second column), v’s gradient magnitude (   |  ∇ v  |   , the third column), and θ’s gradient magnitude (   |  ∇ θ  |   , the last column) from LES simulations at z/zi = 0.5 at 3 h of physical time across the range of Ug. First row Ug = 0 ms−1; second row Ug = 10 ms−1; third row Ug = 20 ms−1. Note that the color scales of    |  ∇ w  |   ,    |  ∇ u  |   ,    |  ∇ v  |   , and    |  ∇ θ  |    are adjusted separately for clarity and contrast. 
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Figure 4. Comparison of w (a), u (b), v (c), and θ (d) spatial horizontal gradient PDFs from LES simulations for z/zi = 0.5 at 3 h of physical time across the range of Ug. Blue line Ug = 0 ms−1; Red line Ug = 10 ms−1; Yellow line Ug = 20 ms−1. The x-coordinate in the plots represent w (a), u (b), v (c), and θ (d) gradient vector values. The y-coordinate represents the probability density. 
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Figure 5. As in Figure 3, but at z/zi = 0.1. 
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Figure 6. As in Figure 4, but at z/zi = 0.1. 
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Figure 7. Instantaneous snapshots of w’s PSD (   ϕ  w w    , the first column), u’s PSD (   ϕ  u u    , the second column), v’s PSD (   ϕ  v v    , the third column), and potential temperature θ PSD (   ϕ  θ θ    , the last column) from LES simulations at z/zi= 0.5 and 3 h of physical time across the range of Ug. First row Ug = 0 ms−1; second row Ug = 10 ms−1; third row Ug = 20 ms−1. The x-coordinate represents the    k 1    wavenumber, y-coordinate the k2 wavenumber, and the z-coordinate the PSD. Note that the PSDs of    ϕ  w w    ,    ϕ  u u        ϕ  v v    , and    ϕ  θ θ     are scaled by the logarithm for clarity and contrast (i.e.,     log   10    ϕ  w w    ,     log   10    ϕ  u u    ,     log   10    ϕ  v v    ,     log   10    ϕ  θ θ    ). 
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Figure 8. As in Figure 7 at z/zi = 0.1. 
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Figure 9. The instantaneous snapshots of w 1-d PSD    F  w w    (   k h   )    (a), u 1-d PSD    F  u u    (   k h   )    (b), v 1-d PSD    F  v v    (   k h   )    (c), and θ 1-d PSD    F  θ θ    (   k h   )    (d) from LES simulations at z/zi = 0.5 and 3 h of physical time with Ug = 0 (blue line), 10(red line), and 20 ms−1 (yellow line). The x-coordinate represents the    k h    wavenumber (   k h  =    k 1 2  +  k 2 2     ). y-coordinate represents the PSD value. The inclined straight lines have a slope of    k h  − 5 / 3    . 
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Figure 10. As in Figure 9 at z/zi = 0.1. 
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Figure 11. Filtered snapshots of w (first column), u (second column), v (third column), and θ (last column) from LES simulations at z/zi = 0.5 and 3 h of physical time with Ug = 0 ms−1 (First row), Ug = 10 ms−1 (second row), and Ug = 20 ms−1 (third row). D0 is set as 9.375 × 10−4 m−1. 
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Figure 12. The vertical profiles of horizontal variances of w (first column), u (second column), v (third column), and θ (last column) data filtered by 2-d BHPF with cut-off wavenumber (D0) set as 3.125 × 10−4 m−1 (i.e., λ = 3200 m; second row), 6.25 × 10−4 m−1 (i.e., λ = 1600 m; third row), 9.375 × 10−4 m−1 (i.e., λ = 1067 m; fourth row), and 1.25 × 10−4 m−1 (i.e., λ = 800 m; last row) from LES simulations at 3 h of physical time. The blue, red, and yellow lines represent Ug = 0, 10, and 20 ms−1, respectively. Note that the first row represents original vertical profiles of horizontal variances of w, u, v, and θ without filtering. 
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Table 1. Properties of numerical simulations, including geostrophic velocity (Ug), surface heat flux (Q0), CBL depth (zi), Monin–Obukhov length (L), friction velocity (   u *   ), and convective velocity scale (   w *   ).
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	Runs

-
	    Q 0    

Km s−1
	    U g    

m s−1
	    z i    

m
	  L  

m
	    w *    

m s−1
	    z i  / L   

-
	    u *    

m s−1
	    u *  /  w *    

-





	Shear-free
	0.24
	00
	1130
	−3.6
	2.04
	−1047
	0.21
	0.102



	Shear-10
	0.24
	10
	1138
	−47.2
	2.05
	−33
	0.51
	0.251



	Shear-20
	0.24
	20
	1213
	−181.6
	2.09
	−8
	0.82
	0.390
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