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Abstract

:

The inertial sublayer comprises a considerable and critical portion of the turbulent atmospheric boundary layer. The mean windward velocity profile is described comprehensively by the Monin–Obukhov similarity theory, which is equivalent to the logarithmic law of the wall in the wind tunnel boundary layer. Similar logarithmic relations have been recently proposed to correlate turbulent velocity variances with height based on Townsend’s attached-eddy theory. The theory is particularly valid for high Reynolds-number flows, for example, atmospheric flow. However, the correlations have not been thoroughly examined, and a well-established model cannot be reached for all turbulent variances similar to the law of the wall of the mean-velocity. Moreover, the effect of atmospheric thermal condition on Townsend’s model has not been determined. In this research, we examined a dataset of free wind flow under a near-neutral range of atmospheric stability conditions. The results of the mean velocity reproduce the law of the wall with a slope of   2.45   and intercept of   − 13.5  . The turbulent velocity variances were fitted by logarithmic profiles consistent with those in the literature. The windward and crosswind velocity variances obtained the average slopes of   − 1.3   and   − 1.7  , respectively. The slopes and intercepts generally increased away from the neutral state. Meanwhile, the vertical velocity and temperature variances reached the ground-level values of   1.6   and   7.8  , respectively, under the neutral condition. The authors expect this article to be a groundwork for a general model on the vertical profiles of turbulent statistics under all atmospheric stability conditions.
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1. Introduction


The inertial sublayer (IS), overlap layer, or logarithmic layer is characterised by its solid logarithmic mean-velocity profile. Employing this logarithmic velocity equation, known as the law of the wall, provides a cost effective near-wall treatment in computational fluid dynamics. In engineering applications, the turbulence level can be predicted, leading to meaningful drag reduction initiatives. Hence, the law was subjected to intensive investigation [1,2,3] to improve its accuracy and widen its scope of validity.



Townsend’s attached-eddy model [4,5] predicts the size and density of population of the turbulent coherent structures (TCS) in the IS at high Reynolds numbers. A comprehensive discussion on the model can be found in [6]. The most important argument in Townsend’s model is the hypothesis in which the eddy population is inversely proportional to the distance from the wall. The model, together with the turbulent-eddy visualisations of Head and Bandyopadhyay [7], inspired mathematicians to derive expressions for turbulence statistics. Perry et al. [8,9] devised a model to predict turbulence statistics (mean velocity, turbulence intensity, spectrum, and temperature) by applying the attached-eddy hypotheses to a forest of hairpin vortices of sizes proportional to their height from the wall. The model was further developed by Marusic [10] by utilising the vortex packet paradigm [11,12]. Marusic found the vortex packet to resemble the hypothesised attached eddies and prescribe turbulence statistics. The same configuration was suggested by Dennis and Nickels [13] through the 3-D velocity measurement of the turbulent boundary layer (TBL). Woodcock and Marusic [14] used the model to predict the variation of von Kármán’s constant with the Reynolds number. Cossu and Hwang [15,16,17] showed that the energy-containing motions at a given spanwise length-scale can self-sustain themselves by extracting energy directly from the mean flow even with the absence of any larger or smaller structures. They found the sizes of these energy containing motions to be proportional to their distances from the wall, which renders them to be good candidates as Townsend’s attached eddies. In addition, they anticipated each of these eddies to be composed of two elements, namely, a long streaky structure and a vortical structure. In the sublayer, these structures represent the low-speed streak and the quasi-streamwise vortices flanking it; in the logarithmic and wake layers, they represent the super-streak (VLSM, superstructure) and the hairpin vortex packets (LSMs) aligned along it.



One of the outcomes of Townsend’s model is the prediction of the logarithmic variation of turbulence variances (  〈    u  ′ +    2  〉  ,   〈    v  ′ +    2  〉   and   〈    w  ′ +    2  〉  ), that is,


     〈    u  ′ +    2  〉     =  B u  −  A u  ln  ( z / δ )  ,     



(1)






     〈    v  ′ +    2  〉     =  B v  −  A v  ln  ( z / δ )  ,     



(2)






     〈    w  ′ +    2  〉     =  B w  ,     



(3)




which are similar to the mean flow velocity profile (    〈 u 〉  +  = A ln  (  z +  )  + B  ), where      u  ′ +    2  =    u ′   2  /    u *   2   ,      v  ′ +    2  =    v ′   2  /    u *   2   ,      w  ′ +    2  =    w ′   2  /    u *   2   ,    〈  u +  〉  =  〈 u 〉  /  u *   , and    z +  = z  u *  / ν  . In the equations,   u *   and  ν  represent the friction velocity and kinematic viscosity,  δ  is boundary-layer thickness, and As and Bs are constants. The A constant is known as the Townsend–Perry constant.



Hultmark [18] was the first researcher to provide experimental evidence of the logarithmic correlations in the IS. This discovery can be regarded somewhat late perhaps because, unlike the mean velocity profile, the logarithmic variance relations apply in a narrow zone within the IS, as shown in Figure 1. The low Reynolds number TBL data were acquired at the Pangkor Low Speed Wind Tunnel (PLSWT) [19]. Marusic et al. [2] proved the validity of the law by using a different high-Reynolds number (  R  e *  =  u *  δ / ν  ) flows, including for the superpipe and atmospheric boundary layer. Meneveau and Marusic [20] extended the logarithmic behaviour to the higher order even moments (    u  ′ +    4  ,     u  ′ +    6  , etc.) and illustrated that the slopes (As) are insensitive to the Reynolds number, whereas the intercepts (Bs) are non-universal constants.



The turbulence intensity profiles in the IS are extremely important in the atmospheric boundary layer (ABL) because the IS largely grows at high-Re. In the ABL, the IS can extend to tens of meters above the ground surface and hence dominates the flow over man-made structures and urban areas. The mean-velocity profile in the ABL is described comprehensively by Monin–Obukhov similarity theory [21] in cooperation with the Businger–Dyer corrections [22]. The profiles of turbulence statistics (  〈  u  ′ +   〉  ,   〈  v  ′ +   〉   and   〈  w  ′ +   〉  ) in the ABL received similar attention [23,24,25]. The parameters increase under both stable and convective (unstable) conditions and settle under neutral conditions at values fluctuating around 2 [26,27,28]. However, the above studies were based on atmospheric stability as a sole independent parameter. Moreover, the researchers were neither aware of the TCS nor the logarithmic relations in the IS. The turbulence structure of the ABL, which is the core of the attached-eddy model, is largely similar to the canonical wind tunnel boundary layer. The IS is dominated by vortex packets and super-streaks, both scaling with boundary-layer heights [29]. A vortex packet can reach   2 − 3 δ   [30] long, while a super-streak extends to   12 δ   [31]. These TCSs are sensitive to atmospheric stability conditions [23,32,33]. Consequently, the validity of Townsend’s theory, and hence the applicability of the logarithmic relations under stable and convective situations, is questioned.



Plenty of existing studies were devoted to the change in turbulence variances with atmospheric stability. However, to our knowledge, none of them addressed vertical profiles as part of Townsend’s model. The target of this research is to utilise Townsend’s theory to describe turbulence statistics in the ABL under different stability conditions. In other words, our aim is to investigate the variation of the logarithmic relations’ constants with atmospheric stability. Accordingly, a free atmospheric flow dataset was employed to incorporate measurements at three levels and cover a near-neutral range of stability conditions. The findings may help improve the current turbulence models and hence enhance flow simulation accuracy and increase civil and mechanical structures durability.



A wide variety of mathematical techniques can be employed to detect TCS and deduce their geometries. A willing method is the wavelet transform [34,35]. The wavelet transform is a time-localised version of the typical time–frequency sinusoidal transforms, for example, Fourier transform. That is, the wavelet transform extracts the time traces of selected TCS scales. Moreover, a full power spectrum can be derived from the energy content in each time scale. The vortex packet and super-streak appear in this power spectrum as two peaks similar to that in the Fourier power spectrum [32,36]. Thus, their length scales can be detected. The remainder of this paper is organised as follows. Section 2 describes the dataset utilised in this study and details the methodology for analysis. Section 3 presents the results and discussion. Section 4 summarises the outcomes of the study.




2. Method


The ABL data from the Marine Ecosystem Research Centre (EKOMAR) third experimental campaign [32], namely the northern dataset, was used in this study. The EKOMAR site (2   ∘  34   ′  42.11   ″   N, 103   ∘  48   ′  21.05   ″   E) lies on the east coast of Malaysia, approximately 22 km north of the town of Mersing. The location allows the acquisition of undisturbed ABL data of the flow from the sea. The measurement campaign started on 7 November 2017 and lasted 20 days. Three three-dimensional ultrasonic anemometers were utilised: (1) a CSAT-3B anemometer (Campbell Scientific, Logan, UT, USA; 0.001 m s    − 1    and 0.002    ∘  C resolution and ±0.08 m s    − 1    and ±2    ∘  C accuracy) was at 1.7 m above ground level, and (2) two YOUNG 81000 anemometers (R.M. YOUNG, Traverse City, MI, USA; 0.01 m s    − 1    and 0.01    ∘  C resolution and ±0.05 m s    − 1    and ±2    ∘  C accuracy) were positioned at 3.0 and 12.0 m above ground level. The measured sonic temperature can be considered as the virtual potential temperature with a negligible error [37,38]. The term ‘virtual potential temperature’ is hereafter shortened to temperature.



The sampling frequency was 20 Hz, and the measured time series was divided into 30-min samples. As indicated in [32], rigorous precautions were applied to ensure the validity of the data for the turbulence study. Samples with wind speed changing beyond 20% were deemed non-stationary weather and hence omitted from the analysis. In this research, the thermal stability of the atmosphere is expressed in terms of the Obukhov stability parameter,


    ζ    =  z L  =   z κ g  θ *       u *   2   〈 θ 〉    ,     



(4)




where L is the Obukhov length, z is the height above ground level,  κ  is the von Kármán constant (taken here as 0.41), g is the acceleration due to gravity (9.81 m s    − 2   ), and   〈 u 〉   and   〈 θ 〉   are the time–mean wind speed and temperature, respectively. The friction velocity   u *   and friction temperature   θ *   were calculated from the momentum (    u ′   w ′   ¯  ,     v ′   w ′   ¯  ) and heat flux     w ′   θ ′   ¯   as


     u *     =         u ′   w ′   ¯    2  +       v ′   w ′   ¯    2   4  ,     



(5)






     θ *     = −     w ′   θ ′   ¯   u *   ,     



(6)




respectively, where   u ′  ,   v ′  , and   w ′   are the velocity fluctuations in the windward, crosswind, and ground-normal directions, and   θ ′   is the temperature fluctuation. Here,   u *  ,   θ *   and  ζ  were obtained from the data recorded by the near-ground anemometer (1.7 m).



Only 47 samples (30 min each) were involved in the analysis out of the 20-day continuous measurements. The histogram in Figure 2 illustrates the distribution of the considered samples over the day hours. The thermal stability range of the selected samples was within   − 1.0 ≲ ζ ≲ 0.05  , which can be treated as near-neutral conditions. A 2-Hz low-pass spectrum filter was applied to exclude the noise. The mesoscale motions (large-scale thermally-generated TCS) were filtered out via a high-pass spectrum filter, in which the cut-off frequency was calculated by wavelet analysis, as to be discussed in Section 2.2.



2.1. Scaling


A problem in the analogy between laboratory-scale measurements and atmospheric flows is the difficulty to measure ABL height. The latter is thus either assigned a reasonable value [2,39] or obtained by fitting the site data to the statistical laboratory data [40]. In this research, a method has to be devised to predict the ABL height or to scale ground-normal distances at the minimum. We suggest using the TCS length scale as a scaling parameter for the ABL data. The TCS length scale offers two merits in this context; first, it scales with boundary-layer height, and second, it adapts to flow thermal conditions. The length scale was obtained from wavelet power spectral analysis. The spectrum was expected to exhibit a bimodal distribution, i.e., peaks at two time scales corresponding to the vortex packet and the super-streak. The vortex packet wavelength was implemented in the analysis along with the classical inner scale for the purpose of comparison. We have to stress here that the scaling has no effect on the slopes (As) of the logarithmic relations; it affects only the intercepts (Bs).




2.2. Wavelet Analysis


Wavelet analysis is a mathematical tool for extracting the time traces of certain TCS scales from the measured turbulent signals. The procedure followed in this study was inspired by those in the work of Thomas and Foken [41] and Barthlott et al. [35]. The one-dimensional continuous wavelet coefficient of a function   X ( t )   with respect to a mother wavelet   ψ ( t )   is given by


      W b   ( a )  =  1 a   ∫  − ∞   + ∞   X  ( t )  ψ    t − b  a   d t ,     



(7)




where a is the scale, and b is the shift. The Morlet wavelet was applied as the continuous wavelet function. This selection was made on the grounds that the Morlet wavelet is well-localised in the frequency domain. The wavelet scales are related to real time scales D through


     D =   a  Δ t  π   ω  p e a k    ,     



(8)




where   ω  p e a k    is the peak frequency of the wavelet function (5 rad s    − 1    for the Morlet wavelet). The studied time scales ranged between 8 and 140 s, which covered the expected range of scales of TCS in the atmosphere [42,43]. Only fluctuations greater than 40% of the series maximum value were recognised as TCS [35,43]. To determine the characteristic time scale of the signal, we calculated the wavelet variance as


     W V  ( a )  =  ∫  − ∞   + ∞     |  W b   ( a )  |  2  d b ,     



(9)




which can be considered equivalent to the Fourier power spectrum. The dominant time scale corresponding to the dominant coherent structure represents the peak wavelet variance. The wavelet analysis was applied to the vertical velocity fluctuation   w ′   instead of the streamwise component   u ′   because the former is less influenced by mesoscale motions [44,45,46]. The 12.0-m height data were used in the analysis. An example of the resulting spectra is illustrated in Figure 3. Only the highest two peaks were considered, while all other local peaks were ignored. Similar to the two peaks of the Fourier energy spectrum [36], the peak of the shorter time scale was related to the vortex packet whereas that of the longer time scale to the super-streak. The length scale was estimated from Taylor’s frozen turbulence hypothesis by multiplying the time scale by the wind speed. The calculated length scales of the vortex packet and super-streak vary with atmospheric stability, as shown in Figure 4.



The wavelet analysis was applied to determine the cut-off frequency of the mesoscale motions. Various techniques were applied to remove these scales without harming the low-frequency turbulent motions [34,40]. In this research, a method based on wavelet decomposition was applied. The low frequencies (<0.04 Hz) were decomposed into 25 wavelets. The   u ′   signals were cross-correlated with the   w ′   signals. An example of the variation of the cross-correlation factor with wavelet frequency is illustrated in Figure 5. A fundamental property of TCS is the negative cross-correlation between   u ′   and   w ′   [30]. Thus, the cut-off frequency was defined as the border between positive and negative correlations.





3. Results and Discussion


The dataset was subdivided into six subsets according to atmospheric stability. The details of the subsets are listed in Table 1. The logarithmic relations of the windward turbulent velocity variance of the six subsets are illustrated in Figure 6. The majority of the data extend from    z +  ≃   8000 to 300,000, which translates into outer-scaling to   0.02 ≲ z / λ ≲ 0.2  . The finding suggests that the data mostly fall in the IS [2]. As illustrated in Figure 6, the current data do not show a clear correlation between the slope of the logarithmic   〈    u  ′ +    2  〉   relation and the atmospheric stability. This finding can be either caused by the ever-lasting effect of the mesoscale motions or some universality of the Townsend–Perry constant. Thereby, the logarithmic relation is obtained as an average for the whole   47 × 3   samples, as shown in Figure 7. The average slope of the near-neutral atmospheric data is   − 1.302   (inner-scaled) or   − 0.837   (outer-scaled), which are very close to the values surveyed in the literature [2,47,48]. While Diwan and Morrison [49], among others, expected   A u   to increase with   R  e *    to values higher than 1.243, a survey conducted by Laval et al. [47], which was based on the experiments of Vallikivi et al. [50], reported an inverse relation between   A u   and   R  e *    indicating that values lower than 1.16 are possible at high   R  e *   .



Similarly, an average fitting for the near-neutral atmospheric mean velocity data was plotted in Figure 8. These operations yield a slope of ∼2.5, which corresponds to   κ = 0.41  , but the intercept is larger compared with the commonly acceptable value (5.0) due to the surface roughness effect [51]. A much definite trend can be found in   〈    v  ′ +    2  〉   logarithmic relations, as shown in Figure 9. The slope of the relation increases as the atmosphere becomes more convective and reaches a high value of 1.92 in the   ζ = − 0.94   subset. The slope is at the minimum at   ζ ∼ 0   with a value of 1.038. The average slope is   − 1.684   for the inner-scaled data (Figure 10a) and   − 0.908   for the  λ -scaled data (Figure 10b). The deviation from the results obtained by Hutchins et al. [40] is obvious.



According to Townsend’s expectations,   〈    w  ′ +    2  〉   exhibits a constant value with height. This scenario is true up to a certain level above ground, as demonstrated in Figure 11. At the higher altitudes, the variance peaks and then decays again. The peak dampens while approaching the   ζ = 0   condition. Moreover, the constant-  〈    w  ′ +    2  〉   zone is thickest in neutral atmosphere and erodes away from it. The data are best fit with polynomial second-order trend lines. The constant value of   〈    w  ′ +    2  〉   in the neutral subset is 1.656, which coincides with the data of Kunkel and Marusic [52] and the values in the ABL literature, for example, References [24,27,28].



The temperature variance   〈     θ   ′ +    2  〉   follows an exponential trend (Figure 12), specially at high convective conditions (  ζ < − 0.11  ). As a matter of fact, temperature fluctuations weaken away from the ground under convective conditions and strengthen under stable conditions with the neutral state witnessing null variation with height. The turbulent temperature variance tends at ground-level to a value ranging between 1.44 and 20, according to  ζ . Despite that the power regression is more common in the literature [24,28], the second-order polynomial regression for   〈    w  ′ +    2  〉   and the exponential regression for   〈     θ   ′ +    2  〉   were found to best-fit the current data. Recall that this is the first time using   z +   as a height scale instead of the typical  ζ  and   z / δ  .



We are now to quantify the effect of atmospheric thermal condition on the “logarithmic” turbulent correlations. Figure 13 shows the effect of  ζ  on the slope (A) and intercept (B) of the logarithmic   〈    u  ′ +    2  〉   and   〈    v  ′ +    2  〉   relations. Regarding   〈    u  ′ +    2  〉  , the current data do not show a clear impact for the atmospheric condition on the Townsend–Perry constant (A). The value of the constant ranges between 0.8 and 1.45 for inner-scaled correlations and between 0.66 and 1.44 for outer-scaled correlations. Unlike the case with windward correlations, the atmospheric stability effect on crosswind correlations is obvious. The slope varies from 1.04/1.05 at   ζ ≃ 0   to 1.92/1.4 at   ζ ≃ − 0.94   for inner-/outer-scaled correlations. More investigations under wider atmospheric stability ranges are needed to confirm this conclusion. The value of B increases in convective stability condition for   〈    u  ′ +    2  〉   and   〈    v  ′ +    2  〉  .



The correlations of   〈    w  ′ +    2  〉   and   〈     θ   ′ +    2  〉   for the different atmospheric subsets are given in Table 2. Except for highly convective conditions (  ζ ≤ − 0.69  ), the vertical wind variance is weakly correlated with height, i.e., the   R 2   values of the proposed best-fit relationships are less than   0.2  . Regarding the temperature variance, the proposed correlations closely describe the experimental data, as suggested by the   R 2   values. This is true under all convective atmospheric conditions (  ζ ≤ − 0.07  ), whereas under the neutral conditions, there is no clear trend for the temperature variance with height. Figure 14 presents the second-order polynomial and the exponential fittings for the ground-level values of   〈    w  ′ +    2  〉   (  B w  ) and   〈     θ   ′ +    2  〉  . The variances have ground values of 1.6089 and 7.7888 in neutral atmosphere, which are in good agreement with those in the literature. The convective condition creates higher ground-level values of   〈    w  ′ +    2  〉   and lower of   〈     θ   ′ +    2  〉   due to the decay of mechanical turbulence (  u *  ) and growth of thermal currents (    w ′   θ ′   ¯  ). A comparison between the   ζ ∼ 0   values of all correlation constants in the current research and those in the literature is listed in Table 3. Except for   〈    v  ′ +    2  〉  , the values generally coincide.




4. Conclusions


This analysis validates Townsend’s theory in high Reynolds-number atmospheric flow under different stability conditions. The analyses were applied to open flow coastal data in three heights, namely, 1.7, 3.0, and 12.0 m. After enforcing the rigorous screening rules, only 47 × 3 samples between   ζ ≃ − 1.1   and   0.05   were available for analysis. Two approaches were used to scale the boundary layer parameters, namely, the inner scale (  ν /  u *   ) and the outer scale ( λ ), which resembles the TCS wavelength calculated by wavelet spectral analysis. The following conclusions can be drawn from the results:




	
The Townsend–Perry constant for the windward velocity variance is not a function of thermal stability in the studied range of atmospheric conditions. An average value for the current dataset is 1.302, which is consistent with those in other atmospheric studies [2].



	
The slope of the crosswind correlation clearly decreases in the positive stability direction. The values range between 1 and 2 for the current dataset.



	
The intercept (B) of all relations increases in the convective atmosphere direction.



	
The variances of the vertical velocity and temperature were best-fit by second-order polynomial and exponential regressions, respectively.



	
The variance of the vertical velocity manifests a local peak at high altitudes and approaches asymptotic values at the ground level. The peak dampens and the asymptotic value decreases close to the neutral atmospheric condition. A ground-level (zero- ζ ) value of 1.6089 was recorded in this research.



	
The temperature variance varies exponentially with   z +  , particularly at   ζ ≲ − 0.11  . The fluctuations strengthen with height under stable conditions and dampen with height under convective conditions. The ground-level value in neutral atmosphere is 7.7888.








The current results pave the way to the solid modelling of turbulent statistics in the atmospheric IS. However, further research is needed to support the conclusions and widen the scope of analyses to all the applicable atmospheric range.
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Figure 1. Example of logarithmic relations in a wind tunnel boundary layer. ◯ refers to the mean velocity profile (left axis), and ⯅ refers to turbulence intensity (right axis). The lines are logarithmic fittings. Flat plate wind-tunnel data (  R  e *  ≃ 500  ). 
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Figure 2. The distribution of the selected samples over the day hours. 
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Figure 3. Example of wavelet variance (spectrum),   ζ = 0.028  . Values were normalised by the arithmetic mean of the series. 
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Figure 4. Variation of the calculated turbulent coherent structures (TCS) length scales ( λ ) with atmospheric stability; ⯅, vortex packet; □, super-streak. The solid and dashed lines are the second-order polynomial fittings for the two series. 
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Figure 5. Variation of the cross-correlation factor between   u ′   and   w ′   wavelets with signal frequency. Data were captured at 12.0-m height and   ζ = − 0.56  . 
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Figure 6. Change in turbulent windward velocity variance with stability conditions. The lines are logarithmic fittings for the data. For the chart legend, refer to Table 1. 
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Figure 7. Logarithmic relations of the windward velocity variance: (a) inner-scaled, (b) outer-scaled. The small filled circles (•) refer to the current research data, the large open circles (○) refer to [40], and the solid and dashed lines are logarithmic fittings for the two datasets. 
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Figure 8. Logarithmic relation of the mean velocity. The small filled circles (•) refer to the current research data, and the solid line is a logarithmic fitting for the current research data. 
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Figure 9. Change in turbulent crosswind velocity variance with stability conditions. The lines are logarithmic fittings for the data. For the chart legend, refer to Table 1. 
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Figure 10. Logarithmic relations of the crosswind velocity variance: (a) inner-scaled, (b) outer-scaled. The small filled circles (•) refer to the current research data, the large open circles (○) refer to [40], and the solid and dashed lines are logarithmic fittings for the two datasets. 
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[image: Atmosphere 11 01087 g010]







[image: Atmosphere 11 01087 g011 550] 





Figure 11. Change in turbulent ground-normal velocity variance with stability condition. The lines are second-order polynomial fittings for the data. For the chart legend, refer to Table 1. 






Figure 11. Change in turbulent ground-normal velocity variance with stability condition. The lines are second-order polynomial fittings for the data. For the chart legend, refer to Table 1.



[image: Atmosphere 11 01087 g011]







[image: Atmosphere 11 01087 g012 550] 





Figure 12. Change in turbulent temperature variance with stability condition. The lines are exponential fittings for the data. For the chart legend, refer to Table 1. 






Figure 12. Change in turbulent temperature variance with stability condition. The lines are exponential fittings for the data. For the chart legend, refer to Table 1.
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Figure 13. Stability effect on slope (A) and intercept (B) of the logarithmic relations of the windward (a,b) and crosswind (c,d) turbulent velocity fluctuations: (a,c) inner-scaled, (b,d) outer-scaled. • indicates the slope, ⚬ indicates the intercept, and the lines are second-order polynomial fittings. 
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Figure 14. Variations in ground-level   〈    w  ′ +    2  〉   and   〈     θ   ′ +    2  〉   values with stability condition. • indicates   〈    w  ′ +    2  〉  , ∘ indicates   〈     θ   ′ +    2  〉  , and the solid and dashed lines are second-order polynomial and exponential fittings for the two series, respectively. 
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Table 1. Details of data subsets.
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	No
	Source
	Nominal   ζ       †   
	Range of   ζ  
	Number of Samples
	Data Symbol
	Fitting Line





	1
	Current research
	   − 0.94   
	  − 1.09   to   − 0.69  
	12    *  
	 [image: Atmosphere 11 01087 i001]
	 [image: Atmosphere 11 01087 i002]



	2
	Current research
	   − 0.34   
	  − 0.37   to   − 0.31  
	24
	 [image: Atmosphere 11 01087 i003]
	 [image: Atmosphere 11 01087 i004]



	3
	Current research
	   − 0.23   
	  − 0.29   to   − 0.18  
	24
	+
	 [image: Atmosphere 11 01087 i005]



	4
	Current research
	   − 0.11   
	  − 0.15   to   − 0.07  
	24
	 [image: Atmosphere 11 01087 i006]
	 [image: Atmosphere 11 01087 i007]



	5
	Current research
	   − 0.02   
	  − 0.06   to   0.00  
	24
	×
	 [image: Atmosphere 11 01087 i008]



	6
	Current research
	   0.03   
	  0.00   to   0.05  
	33
	 [image: Atmosphere 11 01087 i009]
	 [image: Atmosphere 11 01087 i010]



	7
	Hutchins et al. [40]
	0
	  − 0.02   to   0.03  
	4
	○
	



	8
	Kunkel and Marusic [52]
	0
	∼0
	9
	∗
	







[†] Geometric mean; [   *  ] 4 data points × three sensors.
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Table 2. Correlations of the variances of the turbulent vertical velocity and temperature with ground-normal distance (  z +  ) under different stability conditions.
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	Stability Range
	    〈    w  ′ +    2  〉    
	    〈     θ   ′ +    2  〉    





	  − 1.09   to   − 0.69  
	   7 ×  10  − 11      z +   2  + 3 ×  10  − 5    z +  + 3.5534   
	   1.4404  e  − 2 ×  10  − 5    z +      



	
	    R 2  = 0.7255   
	    R 2  = 0.9136   



	  − 0.37   to   − 0.31  
	   − 4 ×  10  − 10      z +   2  + 6 ×  10  − 5    z +  + 1.9922   
	   2.5488  e  − 1 ×  10  − 5    z +      



	
	    R 2  = 0.1106   
	    R 2  = 0.8364   



	  − 0.29   to   − 0.18  
	   − 1 ×  10  − 10      z +   2  + 3 ×  10  − 5    z +  + 1.5649   
	   3.5555  e  − 1 ×  10  − 5    z +      



	
	    R 2  = 0.1725   
	    R 2  = 0.9237   



	  − 0.15   to   − 0.07  
	   − 9 ×  10  − 11      z +   2  + 2 ×  10  − 5    z +  + 1.2926   
	   4.2686  e  − 1 ×  10  − 5    z +      



	
	    R 2  = 0.1485   
	    R 2  = 0.8932   



	  − 0.06   to   0.00  
	   − 5 ×  10  − 11      z +   2  + 1 ×  10  − 5    z +  + 1.656   
	



	
	    R 2  = 0.1948   
	



	  0.00   to   0.05  
	   − 9 ×  10  − 11      z +   2  + 2 ×  10  − 5    z +  + 1.7552   
	



	
	    R 2  = 0.1156   
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Table 3. Slopes (As) and intercepts (Bs) of the logarithmic correlations of the mean velocity (  〈  u +  〉  ) and turbulent fluctuation variances (  〈    u  ′ +    2  〉  ,   〈    v  ′ +    2  〉  ,   〈    w  ′ +    2  〉   and   〈     θ   ′ +    2  〉  ) under the neutral atmospheric condition.






Table 3. Slopes (As) and intercepts (Bs) of the logarithmic correlations of the mean velocity (  〈  u +  〉  ) and turbulent fluctuation variances (  〈    u  ′ +    2  〉  ,   〈    v  ′ +    2  〉  ,   〈    w  ′ +    2  〉   and   〈     θ   ′ +    2  〉  ) under the neutral atmospheric condition.












	Relation
	Source
	Notes
	Scale
	Parameter





	   〈  u +  〉   
	Current research
	as an average for the whole dataset, Figure 8
	   ν /  u *    
	   A = 2.45   



	
	
	
	
	   B = − 13.5   



	
	
	
	
	   κ = 0.408   



	
	Marusic et al. [2]
	
	   ν /  u *    
	  A = 2.44  ∼2.60



	
	
	
	
	   B = 4.44   



	
	
	
	
	   κ = 0.410   



	   〈    u  ′ +    2  〉   
	Current research
	as an average for the whole dataset, Figure 7a
	   ν /  u *    
	   A = 1.302   



	
	
	
	
	   B = 20.74   



	
	Hutchins et al. [40]
	
	   ν /  u *    
	   A = 1.299   



	
	
	
	
	   B = 19.913   



	
	Current research
	as an average for the whole dataset, Figure 7b
	  λ  
	   A = 0.837   



	
	
	
	
	   B = 4.3284   



	
	Marusic et al. [2]
	
	  δ  
	   A = 1.33   



	
	
	
	
	   B = 2.14   



	   〈    v  ′ +    2  〉   
	Current research
	from second-order polynomial interpolation, Figure 13c
	   ν /  u *    
	   A = 1.0914   



	
	
	
	
	   B = 15.509   



	
	Hutchins et al. [40]
	
	   ν /  u *    
	   A = 0.381   



	
	
	
	
	   B = 7.6028   



	
	Current research
	from second-order polynomial interpolation, Figure 13d
	  λ  
	   A = 1.0422   



	
	
	
	
	   B = 0.5722   



	
	Hutchins et al. [40]
	
	  δ  
	   A = 0.365   



	
	
	
	
	   B = 2.688   



	   〈    w  ′ +    2  〉       †   
	Current research
	from second-order polynomial interpolation for ground-level values, Figure 14
	   ν /  u *    
	   B = 1.6089   



	
	Kunkel and Marusic [52]
	
	   ν /  u *    
	   B = 1.676   



	   〈     θ   ′ +    2  〉       †   
	Current research
	from exponential interpolation for ground-level values, Figure 14
	   ν /  u *    
	   7.7888   



	
	Pahlow et al. [24], Nieuwstadt [28]
	
	   ν /  u *    
	   9.0   







[†] ground-normal values.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
2
10
a8
6
4 H
2 (¥ =-0837In(x) + 432847
& =0.1019
0
00 001 01
z X 1000 21

(a) (b)





media/file4.png
I I I
0 \O < Q\ -
sojdwes Jo roquinN

9 9-12 12-15 15-18 1821 21-24

36 6

0-3

Local Time (hr)





media/file30.png





media/file18.png
10

<y

R N N e “ e )

50
Z+

500
x 1000

(@A) = —094 (@) & 7 = —0.34 (@)

10

<y

R N N e “ e )

N érJr A
\§§\+%
%F' \.Aﬂt\\\ +
=~ _‘\\\\*
A BN
2 ™
50 500
z’ x 1000

(b) 7 = —0.23 (+) & = —0.11 (&)

10

<y

R N N e “ e )

50
Z+

500
x 1000

(€) 7 = —0.02(X) & ¢ = 0.03 (#)





media/file21.jpg
e

3 30 s 3 a3 30 300
7 xiom 7 xim 7 xiom

@7= 094 @&~ -034m  (b){- -023(H)&{ = -011(a) (€)= ~0.02(4 & = 0.03 (#)






media/file31.png





media/file26.png
1.6
1.4
1.2

< 0.8
0.6
0.4
0.2

0

2.5

1.5

0.5

0

] s o
C —
| o)
°
1 ® ©
A n
™
— °
A=-1.9358 (;2 —1.9059 (+0.9574
R2=0.446 B
|B=-18.673 (;2 —-21.628 {+ 16.581
K2 =0.5437
T T
—1.0 —0.5 0.0 0.5
(a)
. n
™ °
O —
. n
e [ ]
o n
A=-1352-2.1745(+ 1.0914 B
R2=0.7937
B=-12.492 (> -25936 {+ 15.509 I~
R?=0.8453
T T
—1.0 —0.5 0.0 0.5

(c)

25

20

15

10

9
A=-1.42192-0.9267  + 1.0334
8 1° ‘ R2=0.4769 ‘
7 ‘327.0363 (;2+1.2428§+3.1302‘
R =0.829
6 _
N o
3
<4 - ©
3 A s
2 A °
1 N ° ® * ..
0 | |
—1.0 —0.5 0.0 0.5
C
(b)
6
@ ‘A =-0.9235(2— 12548 { + 1.0422‘
5 4 R>=0.8654
‘BZ 6.1181 2+ 0.5439 ( + 0.5722‘
4 R =0.9733
Q
Y3 A
<
2 _
c )
1 - S
O I & I
—1.0 —0.5 0.0 0.5






media/file39.png





media/file27.jpg
4 R =0.9478

=2.636 x° +0.4071 x+ 1.6089)

=7.7888 &7
R =0.642

0.0 0.5

25

20

<@"2>





media/file3.jpg
©

b

o

© ® v T a o

muElEum Jo JequinN

36 69

9-12 12-15 15-18 18-21 21-24

Local Time (hr)

0-3





media/file22.png
<w'Z>
O = N W A U N0 \O
|

LEuy

30 300
z x 1000

(@A) = —094 (@) & 7 = —0.34 @

(S

<>
O~ NUWRAR UGN 0O

m + i+ L /”_\:\F
T

i TEEE %

3 30 300
z x 1000

(b) 7 = —023 (+) & = —0.11 (4)

9
8,
7,
6,
&5 o
g4
3
2
1
0 |
3 30 300
7 x 1000

(€) 7 = —0.02(X) & { = 0.03 (#)





media/file35.png





media/file19.jpg
1684 1n(v) + 22677
R =04286

50 00
7 X100
(a)

* 0908 Ing
10 e

001 01
1/1

(b)

(0 + 19516
s






media/file7.jpg
450

400

(

=
b
-
w]

00

250

S
) o[eo:

o
g
&

o
2

o
8

s 13ud] amponng

0.6 -04 =02 0.0 02

—0.8

-1.0





media/file28.png
35 ¢

<w'"Z>
)
|

y=2.636 x¥* +0.4071 x+ 1.6089
R2=0.9478

0 Y =7.7888 20473
R =0.642

—0.5 0.0 0.5

25

20

<@"2>





media/file10.png
Rll w

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
—0.1
—0.2
—0.3

Cut-off frequency
=0.0109 Hz

0.01

0.02

f(Hz)

0.03 0.04

0.05





media/file32.png





media/file14.png
14
12
10

<u'?>

S e .

y =—-1.302 In(x)

1 20.74

R =0.2744

50

Z+

(a)

500
x 1000

14
12
10

<>

S B N X

.. °

S
8 .
ORI A
Hed s
I.. $
¢ o &
g eo
Q e
£ . °
o .
®
. -

y =-0.837 In(x) + 4.3284]

R =0.1019

0.01

(b)

0.1
Z/A






media/file11.jpg
0
o
%o
4
2
o
S0 s 00
X100 1000

@& -0um  (b)C —on @)





media/file6.png
yeans-1adng

—

Jﬁomm XOMOA

‘2
o\

N ) — ') o

— -
DOG@Eﬁ\/ ”—®~®>®>> @DWSQEMOZ

40 60 8 100 120 140

20

Duration (s)





media/file36.png





media/file15.jpg
25

20

15

<u*>

10

[y=2.4492 In(x) - 13.498
R =0.5465

50

500
x 1000





nav.xhtml


  atmosphere-11-01087


  
    		
      atmosphere-11-01087
    


  




  





media/file16.png
<y>

25

20

15

10

L ]
° :.. o .
[ ] ..... ’:’ .' *
. PO :‘:.’o. ° . ooo. .o
.:o. :io. .. . .0
’.:'.., . o e
.'...Q.‘. '. o o

y =2.4492 In(x) - 13.498
R =0.5465

50 500
z x 1000





media/file2.png
<, 1>

10,000

1,000





media/file20.png
v =—1.684 In(x) + 22.677

R =0.4286

12
"y =-0.908In(x)+ 1.9516
10 - R =0.1118
8 "
A -
L6 C .
\Y; { .
4 . g:' e Eo . - '_.:
o.‘. "' O:{ © S £ o
> :
0
0.01 01
Z/A






media/file37.png





media/file23.jpg
100 e

0 At 2l
L e ¥
\ J
¥

o1 L

50 500 5 50 500 s 500

2 o 2 aom 7 e

()0~ 094 @ &7~ 034 (b)I - ~023(1)& - -011(A)  (€)C - ~00200& ~ 003(8)





media/file5.jpg
yeans-1adn;

2.5

QOUBLIEA 19[OABM PISI[BULION

100 120 140

80

60
Duration (s)

40

20





media/file24.png
<@"?>

100 100 100
- 10 - 10 -
10 A é\
& N S
i v L Vo
1- "4 1 - 0% 1
[ ] A %M
o e
0.1 ‘ 0.1 ‘ 0.1 |
5 50 500 5 50 500 5 50 500
7zt x 1000 z" x 1000 z x 1000

(@A) =-094 @ & { = —-034 @ (b) = —-023(+) & { = —0.11 (4) (¢) 7 =—0.02(X) & = 0.03 (#)





media/file33.png





media/file1.jpg
10,000

1,000





media/file25.jpg
g aoece o]
3 o
g s
e






media/file12.png
<y"’>

14 14 14

[
12 - . s . 12 - ) 12 - .
10 o °5% 10 - N 10 -
e ge = ﬁ 4
8 e S L8 4L 4 L8
m g = S ‘\ﬂit‘é * S
6 - - ; Vo - s St Vo -
4 - . 4 - 2, R 4 -
2 - 2 - A o )
0 ‘ 0 ‘ 0 ‘
5 50 500 5 50 500 5 50 500
z x 1000 z’ x 1000 z’ x 1000

(@)= -094 @ & (= —-034@ (b) { = —-023(+) & { = —0.11 (4) (¢) 7 = —0.02 (X) & = 0.03 (#)





media/file9.jpg
0.7
0.6
0.5

Cut-off frequency
=0.0109 Hz

0 0.01 0.02 0.03 0.04 0.05
£(Hz)





media/file0.png





media/file38.png





media/file8.png
- D_HADDm__E

DDHD__@

o B o«

&

o

oF
T T T T
S o o o o o o
2§82 8 "

w

(w) v “aeas Y13ua| ainjonl






media/file34.png





media/file17.jpg
0 10

<

s 50 w00 s 0 S0 s 50 00
7 xiom T 7 xiom

@)~ 094 @&~ -034@  (B)I~-023(&{~-011(8) ()~ -0020& = 003(#®)





