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Abstract

:

The height of the stable boundary layer is a key parameter in atmospheric transmission and diffusion, air quality, emergency response, wind energy, and numerical weather prediction models. Existing methods mainly determine the stable boundary layer height via a threshold or minimum value of the wind speed variance under a low-level jet. Based on multi-meteorological element data from a meteorological gradient observation tower, this paper revealed the limitations of existing methods from the perspective of dynamic and thermal effects. In this paper, it is demonstrated that there were four types of shapes of the wind speed variance profile under the low-level jet and a method for using the shape of the variance profile to retrieve the height of the stable boundary layer was proposed. This method distinguished different types of wind speed variance profiles and solved the problems of the misjudgment and omissions (about 34%) present in existing methods. Our experiment showed that the average absolute error of the proposed method was less than 18 m and the average relative error was less than 9%. The results showed that the proposed inversion method was extended to all kinds of wind field detection equipment for inversion of the stable boundary layer height and has very high universality.
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1. Introduction


The height of the atmospheric boundary layer is an important parameter to determine the characteristics of the atmospheric boundary layer, reflecting physical processes such as turbulent mixing and convection development in the boundary layer, which affect the vertical distribution of the heat, water vapor, aerosols, and other substances and energy [1,2,3]. The nighttime stable boundary layer height is a key parameter in atmospheric transmission and diffusion, air quality, emergency response, wind energy, and numerical weather prediction models [4,5,6]. It is of great practical value to study the inversion methods and variation laws of the stable boundary layer height.



As an unconventional observation variable, the stable boundary layer height cannot be directly measured but instead is mainly determined by analyzing the variation characteristics of atmospheric elements in the vertical direction. The important trade-off in studying the height of the stable boundary layer is to obtain the statistics of fluctuations over time, such as variance [7,8]. Therefore, the key is to obtain reliable high resolution profile measurements. Wind lidar can measure the vertical distribution of the atmospheric wind field, with very high time resolution and accuracy [9]. The usual method is to consider a low-level jet to retrieve the height of the stable boundary layer [10,11,12,13,14,15]. Vicker et al. and Lemone et al. mainly reduced the wind speed variance to a certain proportion of the maximum value near the ground as the stable boundary layer height [16,17]. This ratio is usually 0.05 to 0.1. Schween et al. found that a 25% threshold change will cause a 7% deviation of the boundary layer height, and the threshold selection is also different for different weather conditions [18]. Therefore, it is still difficult to determine the threshold at the current stage to determine the boundary layer height from the wind speed variance. In addition, other researchers mainly obtain the stable boundary layer height based on the minimum position of the wind speed variance under a low-level jet [10,11,12,19]. Previous studies have shown that there are many causes of low-level jets, including synoptic scale baroclinicity related to weather patterns, baroclinicity related to slope topography, frontal advection acceleration, airflow branches around the same ground obstacles, waveguides and convergence, sea and land winds, valley winds, and inertial oscillations [20]. In some cases, more than one of the above factors will affect the formation of the jet stream at the same time. Therefore, there are many types of low-level jet streams with different characteristics [20]. This means that the height determined by the threshold or minimum value of the wind speed variance under the low-level jet is not necessarily the stable boundary layer height.



Meteorological gradient observation towers are a reliable data source for studying the stable boundary layer height. They can provide high-resolution profile measurements of multiple meteorological elements, which can be used to study the internal dynamic characteristics of the boundary layer. Based on the problems mentioned above, this paper took advantage of the direct and continuous measurements of multiple meteorological elements located at the 350 m high Shenzhen Meteorological Gradient Observation Tower and obtains the nighttime boundary layer height below 350 m based on an inversion method that uses the Richardson number from the perspective of dynamic and thermal effects. It is used as the evaluation standard to reveal the characteristics of wind speed variance under a low-level jet stream and then to verify the accuracy of retrieving the stable boundary layer height using the wind speed variance threshold or minimum method.




2. Methods


Whether there is turbulent motion is the essential difference between the atmospheric boundary layer and the free atmosphere [20]. Turbulence and nonturbulence can be distinguished according to the Richardson number, as shown in Equation (1):


  R i =  g θ      Δ θ  /  Δ z           Δ U  /  Δ z      2     



(1)




where g is the acceleration of gravity, θ is the virtual potential temperature, U is the wind speed, and z is the height [20].



The Richardson number method integrates dynamic and thermal effects, and considers physical processes comprehensively, which is widely used in the analysis of stable boundary layer [21,22,23,24]. Vogelezang et al. divided the critical values of the Richardson number into different categories based on different stratification conditions, with the critical value of weak neutral stability stratification being 0.23–0 32 and the strong stability condition layer divided into 0.16–0.22 [22]. Nieuwstadt set Ri = 0.2, and obtained the height of the stable boundary layer by solving the equations of motion [25]. Overall, existing theoretical and experimental studies have shown that when the Richardson number is greater than the critical value (~0.25), it can be considered that there is a stable boundary layer [20]. There is a transition between the height of the stable boundary layer and the atmospheric residual layer. In practical applications, the lowest height at which the Richardson number exceeds the critical value is often regarded as the height of the stable boundary layer, thus excluding the residual layer. Therefore, the boundary layer height in this study refers to the lowest height where the Richardson number reaches 0.25, which is the same as used by Seidel [23,24].



The Shenzhen meteorological gradient observation tower is located near a reservoir, approximately 1 km from the nearest building and approximately 10 km from the coastline. Due to its excellent geographical location (113.897°E, 22.649°N) with no obstructions around it, the monitored data are highly representative. It has a total of 13 conventional meteorological element observation automatic stations (measuring the wind speed, temperature, humidity, and atmospheric pressure), which are distributed on platforms at altitudes of 10, 20, 40, 50, 80, 100, 150, 160, 200, 250, 300, 320, and 350 m, and sample with a temporal resolution of 10 s. With such data, and employing Equation (1), the Richardson number can be calculated, and then the stable boundary layer height can be obtained. Based on the Richardson number, we can obtain the characteristics of wind speed variance under low-level jets as well as the law of retrieving stable boundary layer height from wind speed variance. The purpose is to establish a new stable boundary layer height algorithm suitable for all wind field monitoring equipment.



Figure 1 shows the spatial and temporal distribution of the horizontal wind speed, virtual potential temperature, wind speed variance, and Richardson number monitored by the Shenzhen Meteorological Gradient Observation Tower on 2 August 2022. Due to differences in the height, range, wind speed intensity, and horizontal and vertical shear of low-level jet streams, there is currently no unified standard definition for low-level jet streams. Bonner’s standards are ΔV = Vmax − Vmin ≥ 2.6 m/s, where Vmax is the maximum wind speed of the profile and Vmin is the minimum wind speed immediately above Vmax [26]. Referring to this standard, in this article, we define a low-level jet stream where the maximum wind speed occurs below a height of 1000 m, with Vmax ≥ 5 m/s and ΔV ≥ 2.6 m/s. It can be seen from Figure 1a that there is a low-level jet for some periods during the day, and there is also an obvious inversion layer, seen in Figure 1b, in the virtual potential temperature at the corresponding time. From Figure 1a, it can also be seen that the peak height of the low-level jet stream continuously increases over time. After 23:00, the height of the low-level jet surpassed 350 m, exceeding the monitoring range of the gradient observation tower. In order to clearly see the changes in the various meteorological elements under the low-level jet, only data with a peak height of 350 m or less are displayed. For the horizontal wind speed (W) in Figure 1c, it is decomposed into Wu (along the east–west direction) and Wv (along the north–south direction) components, using 10 min intervals (thus, based on a time resolution of 10 s, there are 60 data groups). Using a sliding method (e.g., such as using data from groups 1 to 60 and then from groups 2 to 61, etc.), the wind speed variances in these two directions, δu and δv, with a time resolution of 10 s, are calculated separately. We calculate the variance of the horizontal wind speed as δ = δu + δv. It can be clearly seen from the variance profile in Figure 1c that when a low-level jet is extant, the variance profile has a relatively large value near the ground, while there is a significant decrease in the upper air. The Richardson number distribution in Figure 1d shows that there is an obvious large Richardson number at the time and location of the low-level jet. This demonstrates that there is a laminar flow layer, that is, a stable boundary layer.



The horizontal wind speed, wind speed variance, virtual potential temperature, and Richardson number at different times are extracted, as shown in Figure 2. It can be seen from Figure 2a that there are low-level jets at these four times, and the peak wind speed is greater than 5 m/s. It can be seen from Figure 2b that there are four types of variance profile shape, of which type B and D have previously been discussed in the literature [10,11,12,19], and we find that at the height of the maximum wind speed, the variance has a minimum value. For types A and C, the variance of the corresponding position of the peak is a maximum, and these profile types have not been found in previous studies. From the temperature and Richardson number shown in Figure 2c and d, respectively, it can be seen that in the case of type A, there is no stable boundary layer, while in type C, there is a stable boundary layer. Based on the data from August 2022 (sample size = 53,816), the frequency and proportion of these four types were calculated, as shown in Table 1. From Table 1, we can see that type B and type D have the highest frequency, and their proportions can reach 66%. For type A, the proportion is 31.3%, which corresponds to the 31.3% misjudgment rate seen in previous studies that used low-level jets to extract the stable boundary layer height. For type C, the proportion is 2.7%, which corresponds to the missed judgment rate of 2.7% in previous studies.



Therefore, in this paper, we propose a method to determine the stable boundary layer height based on the shapes of these four types of variance profiles. When a low-level jet appears, the variance profile is calculated to determine whether it belongs to type B, C, or D, so as to determine the position of the maximum wind speed as the stable boundary layer height. Figure 3 shows the correlation between the stable boundary layer height obtained using the Richardson number method and that retrieved from the variance profile shape based on the data from August 2022. Due to the low spatial resolution of the gradient observation tower data, the data points in the figure appear to be relatively few, but in fact, each point represents a particularly large sample size (~36,000 data points). Table 2 shows the correlation coefficient and error of both. It can be seen from Figure 3 and Table 2 that the correlation coefficient between them can reach 0.85, the average absolute error is less than 28 m, and the average relative error is less than 18%. This shows that the proposed inversion method has high reliability and accuracy.




3. Results and Discussion


We proposed a method to distinguish different types of wind speed variance profile to solve the problem of misjudgment and missed judgment of the stable boundary layer in Section 2. However, the height of the meteorological gradient observation tower is only 350 m, so the stable boundary layer height above the height of the meteorological gradient observation tower needs to be ascertained via other detection equipment, such as wind lidar. Therefore, it is necessary to extend the model method mentioned above to wind lidar data. From 1 April 2022 to 30 April 2022, a Doppler coherent wind Lidar was placed under the Shenzhen Gradient Observation Tower (113.897°E, 22.649°N), as shown in Figure 4. It is able to obtain wind field information at different altitudes, with a minimum detection altitude of 30 m and a maximum detection altitude of 6 km. The vertical resolution is 15 m and the time resolution is 5 s, as shown in Table 3. The wind lidar can operate continuously over 24 h under clear sky conditions.



Figure 5 shows the wind speed and the corresponding variance of the wind lidar data and the meteorological gradient observation tower data. It can be seen from Figure 5a,b that there is relatively high consistency between their horizontal wind speed measurements. The blind area of wind lidar is 45 m. It can be seen from Figure 5c,d that the variance trends of the two are basically the same, but that of the wind lidar is relatively larger. This is because the wind speed uncertainty of wind lidar is higher, resulting in a higher value of the variance. As can be seen from Figure 2, the method we proposed distinguishes the shape of different variance profiles, which is different from the traditional threshold method, so it is not affected by this factor. Therefore, it is universally applicable to use wind lidar data and the algorithm proposed here to retrieve a stable boundary layer height.



The stable boundary layer algorithm proposed here was applied to wind lidar and the gradient observation tower data, respectively. Figure 6 shows the correlation between the boundary layer below 350 m obtained by the wind lidar and gradient tower observations based on the data from April 2022. Table 4 shows the correlation coefficient and the error. It can be seen from Figure 6 and Table 4 that the correlation coefficient between the two can reach 0.9209, the average absolute error is less than 18 m, and the average relative error is less than 9%. This shows that the proposed inversion method can be extended to the retrieval of the stable boundary layer height with wind lidar data.



The stable boundary layer heights in Shenzhen from April to June 2022 were retrieved using the proposed variance profile shape method, and its distribution characteristics are shown in Figure 7. It can be seen from Figure 7a,b that the distribution of the night stable boundary layer height in April and May is relatively consistent, where the proportions of heights in excess of 350 m are more than 83% and 81%, respectively. It can be seen from Figure 7c that the height distribution of the stable boundary layer in June is different from those in April and May, and it is more concentrated in the interval of 600 to 800 m, where the proportion of heights greater than 350 m is up to about 96%. If only the meteorological gradient observation tower data are used, only the stable boundary layer below 350 m (accounting for about 4%) can be monitored, and the other 96% of the stable boundary layer height cannot be obtained. Using the proposed inversion method of the stable boundary layer height in this paper, the stable boundary layer at any height can be obtained from wind lidar data measured over a long detection distance. This allows us to obtain the height structure characteristics of the stable boundary layer (such as its monthly and seasonal characteristics), which is of great significance.




4. Conclusions


Our research has shown that there are many different vertical variance profiles resulting from low-level jets, and existing research methods have the problems of misjudgment and omission. We put forward a method that utilizes variance profile shapes to retrieve the stable boundary layer height; that is, distinguishing different types of wind speed variance profiles, thus solving the problem of the misjudgment and omission of the stable boundary layer height (about 34%). Due to the low detection range of the gradient observation tower, we extended this method to wind lidar observations, which have a longer detection range. Our experiment shows that the average absolute error of the retrieved stable boundary layer height is less than 18 m and that the average relative error is less than 9%. The results show that the proposed inversion method can be extended to all kinds of wind field detection equipment for inversion of the stable boundary layer height and has very high universality. The proposed retrieval method of the stable boundary layer height has very high application value in environmental meteorological services, climate change response services, numerical prediction services, and other fields.
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Figure 1. Temporal and spatial distribution of the horizontal wind speed (a), temperature (b), wind speed variance (c), and Richardson number (d) on 2 August 2022. 
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Figure 2. Vertical profiles of the horizontal wind speed (a), wind speed variance (b), virtual potential temperature (c), and Richardson number (d) at different times on 2 August 2022. 
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Figure 3. Correlation between the stable boundary layer (SBL) height obtained by the Richardson number method (SBL@Ri) and that retrieved from the variance profile shape (SBL@Wind). 
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Figure 4. Installation diagram of wind lidar. 






Figure 4. Installation diagram of wind lidar.



[image: Remotesensing 15 03638 g004]







[image: Remotesensing 15 03638 g005 550] 





Figure 5. Comparison of the wind speed and variance between wind lidar data and meteorological gradient tower observations at the same time and place. 
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Figure 6. Correlation between the boundary layer height detected by wind lidar and obtained by the gradient tower data. 
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Figure 7. Height distribution of the stable boundary layer at night in Shenzhen in 2022: (a) April, (b) May, and (c) June. 
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Table 1. Frequency and proportion of the four types of wind speed variance profiles based on the data from August 2022.






Table 1. Frequency and proportion of the four types of wind speed variance profiles based on the data from August 2022.





	Type
	A
	B
	C
	D





	Frequency
	16,840
	16,521
	1460
	18,995



	Proportion
	31.3%
	30.7%
	2.7%
	35.3%
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Table 2. Error of the stable boundary layer height obtained by the Richardson number method and that retrieved from variance profile shape.
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	Correlation Coefficient
	Average Error (m)
	Relative Error (%)





	0.8520
	27.48
	17.17
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Table 3. Performance parameters of the wind lidar.
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	Metrics
	Technical Performance Requirements





	Minimum detection altitude
	≤30 m



	Maximum detection altitude
	6 km



	Distance resolution
	15 m



	Temporal resolution of wind profile
	5 s



	Errors of wind speed measurement (standard deviation)
	≤0.3 m s−1



	Errors of wind direction measurement (root mean squared error)
	≤3°



	Range of vertical wind speed measurement
	0–60 m s−1



	Range of wind direction measurement
	0°–360°
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Table 4. Error of the stable boundary layer height obtained by wind lidar.
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	Correlation Coefficient
	Average Error (m)
	Relative Error (%)





	0.9209
	17.62
	8.21
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