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Abstract

:

It is very useful for adaptive optics (AO) systems to have appropriate knowledge of optical turbulence. However, due to the limitations of space and time, it is difficult to obtain turbulence parameters, especially in the far sea area. In this paper, the characteristics of optical turbulence over the South China Sea are obtained by analyzing the meteorological data obtained from the field experiment of ocean optical parameters and the fifth set of reanalysis data of the European Centre for Medium-Range Weather Forecasts (ECMWF) for 10 years (2011–2020). Firstly, a new statistical model is proposed based on the measured data and the Hufnagel-Valley 5/7, which can well reconstruct the atmospheric turbulence characteristics of the South China Sea. Secondly, according to the comparison between the temperature and wind speed data in ERA5 data and microthermal measurement, the ERA5 data have good reliability, with the temperature deviation basically less than 1.5 K and the wind speed deviation basically less than 2 m∙s−1. Thirdly, the vertical distributions and seasonal behavior of the turbulence strength at the determined location are analyzed, which shows that the turbulence strength in the upper atmosphere is strongest in summer, followed by autumn and winter, and weakest in spring. Then, the distribution profile of the Richardson number provides us with the relative probability of the existence of optical turbulence. During summer and September, the instability of the atmosphere is significantly larger than other months and the extremely low intensity in April indicates the most stable condition in all months. Finally, the analysis results of turbulence parameter profiles for many years show that there is good consistency between different parameters.
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1. Introduction


At present, atmospheric optical turbulence has become one of the most important topics discussed in adaptive optics systems, because it has direct effects on light waves, including flicker, phase change, beam drift and angle of arrival fluctuation [1,2,3]. Atmospheric optical turbulence characterized by the refractive index structure constant (   C n 2   ) is usually produced by the wind blowing across the Earth’s surface and the temperature gradient between the Earth’s surface and the air above [4,5]. Up to the current date, scientists have developed several techniques to detect vertical profiles of atmospheric optical turbulence. The most common and simplest device is the balloon-borne micro-thermometer, but it can only obtain turbulence profiles for a fixed time [6]. Using sound techniques, the    C n 2    profiles can also be obtained with the double star scidar and the single star scidar [7,8]. The aperture scintillation sensor acquires    C n 2    profiles along six slabs in the atmosphere, but it lacks turbulence data near the ground and wind speed data at any height [9]. Furthermore, the differential image motion monitor, or DIMM, is also commonly used to deliver optical turbulent profiles [10,11,12]. Using wavefront sensors of ground-based astronomical telescopes, the vertical profiles of optical turbulence can also be reconstructed from the measurement data of wavefront (phase) characteristics [11,13,14]. Although they can take measurements at experimental sites, these instruments are complicated to operate, especially in harsh and complex environments. Alternatively, using reanalysis data in conjunction with turbulence models is a simple, convenient and economical method. At present, there are several examples of global atmospheric reanalysis data, including the fifth European Centre for Medium-Range Weather Forecasts Reanalysis (ERA5 data) [15], the Modern-Era Retrospective analysis for Research and Applications reanalysis (MERRA-2 data) [16], the Japanese 55 y reanalysis (JRA-55 data) [17] and the Climate Forecast System Reanalysis (CFSv2 data) [18]. Hersbach’s research indicates that ERA5 data can provide higher spatial and temporal resolution, with a horizontal resolution of 31 km and a vertical resolution of 137 pressure layers [19].



To accurately estimate the variation characteristics of    C n 2    profile, scientists have developed many models. The simplest models of atmospheric optical turbulence are empirical models, also known as statistical models. Because it is obtained by fitting a large number of experimental data, the statistical model can represent the statistical average characteristics of atmospheric optical turbulence [20,21]. Due to the complexity and variability of atmospheric turbulence, the model should incorporate more meteorological parameters. Thus, several such models have been developed using correlation techniques and averaging of large amounts of data, including the Hufnagel-Valley model [22], the neural network model [6] and the Tatarski-type models [23,24,25,26,27]. Up to now, all optical turbulence models have had their own advantages and disadvantages, and none of them is perfect. At present, the Hufnagel-Valley (HV) model is the most widely used optical turbulence model, which is applicable for the inland scene. In order to apply it to different conditions, scientists usually modify the HV model so that it can be better applied to practical engineering [20,21,28,29].



Due to the complexity of turbulence measurement equipment and the space limitation of experimental scenes, it is difficult to obtain the turbulence parameters over the far sea. Up to now, few studies on turbulence in the South China Sea have been reported. This study sets out to propose a new model through statistical analysis, and the new model and ERA5 data are applied to analyze the turbulence parameters in the South China Sea. The remainder of this paper is organized as follows: Section 2 introduces the location of the experiment, the experimental equipment, the measurement method with the investigation of the    C n 2    profiles and the reanalysis data, Section 3 provides the experimental results and discusses the results, and finally, Section 4 concludes the paper and proposes some limitations.




2. Experiment and Methodology


2.1. Experiment Detail


From October 2020 to November 2020, the Anhui Institute of Optics and Fine Mechanics (IOPM) of Chinese Academy of Sciences (CAS) conducted a ship oceanic atmospheric turbulence measurement experiment in the South China Sea (SCS). To obtain a vertical profile of atmospheric turbulence during the experiment, balloon-borne radiosondes equipped with micro-thermometers and GPS were launched on the ship boat. The balloon had a rise velocity of 6 m∙s−1 and a vertical resolution of about 30 m. The micro-thermometer and the meteorological sensor jointly measured the refractive index structure constant. For the convenience of description, they are unified as the micro-thermometers. A comprehensive description of the micro-thermometer and its specifications is given in [3,30,31,32]. The location of the experiment sites is shown in Figure 1, where the red point in the figure is the release position of our balloon-borne radiosondes. The yellow five-pointed star is the grid point (114°E, 10°N) where the acquired ERA5 data are located. The closest experiment site is more than 200 km from land, which is representative of far sea conditions. During the experimental period, 30 balloon-borne radiosondes were launched. However, 23 copies of valid data were reserved after removing the corrupted data. The specific experimental records are given in Table 1, where time is local time and altitude is above sea level in m.




2.2. Principle of    C n 2    Measurement


The values of    C n 2    measured by micro-thermometer are derived from a pair of thin-wire resistance temperature sensors, with a diameter of 10 μm and a length of 20 mm. Fluctuations in the refractive index mainly result from temperature fluctuation (in particular, in the visible and near-infrared wavelengths) [30]. Hence the    C n 2    is linearly related to the corresponding temperature structure constant (   C T 2   ).


   C n 2  =   ⟮  79 ×   10   − 6    P   T 2     ⟯  2   C T 2   



(1)




where  T  is air temperature (K) and  P  is air pressure (hPa). Kolmogorov defined the    C T 2    as a constant of proportionality of the temperature structure function    D T   r    (at least in the inertial-convective range of turbulence). The    C T 2    can be described as follows [4,33].


   D T   r  =     T  x  − T   x + r       =  C T 2   r  2 / 3   ,  l 0  ≪ r ≪  L 0   



(2)




where  x  and  r  denote the position vector,     …     represents the ensemble average,    l 0    and    L 0    are the inner and outer scales of turbulence and have units of m.




2.3. ERA5 Data


ERA5 data are the fifth generation of reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). It is designed to replace the ERA-Interim product and will be made public along with data from 1950 onwards once completed [19]. ERA5 data use the laws of physics to combine model data with observations from around the world into a globally complete and consistent dataset. During 4D-VAR data assimilation, previous predictions are optimally combined with new available observations every 12 h to produce a best new estimate of the state of the atmosphere. ERA5 data contain various atmospheric meteorological parameters such as temperature, pressure, wind speed and relative humidity, etc. ERA5 data include the datasets from two different time periods (1959–1978 and 1979 to present). Data from 1959 to 1978 are superseded by the quality assured dataset. The settings of the two datasets are different. For details, please visit the official website of the dataset (ERA5 datasets: https://cds.climate.copernicus.eu/, Bonn, Germany, 27 August 2022). The specific information for the ERA5 data used in this paper is given in Table 2.





3. Results and Discussion


3.1. Characteristics of    C n 2    and New Statistical Model


Figure 2 gives vertical profiles distribution of wind speed and    C n 2    over the SCS measured by the balloon-borne micro-thermometers. In the figure, the x-axis represents the launch date of the balloon, and the y-axis represents the height above sea level. Please refer to Table 1 for specific time information. In this paper, using log (   C n 2   ) instead of    C n 2    makes it easier to calculate and visualize the statistical results, which makes the results more readable. As shown in Figure 2a, the wind speed profile distribution observed is studied. Obviously, the wind speed increases with height, and the maximum wind speed reaches 30 m s−1 around 15 km, especially the time from October 19 to November 4. The vertical profiles distribution of    C n 2    from the sea level to 30 km remains the same, as depicted in Figure 2b. Note that in a few turbulent layers, the    C n 2    profile distribution decreases sharply near the sea level, as well as increases with height from the boundary layer to the tropopause (about 15 km) and decreases gradually above the tropopause. Its maximum is close to the magnitude of 10−13 m−2/3 and the minimum reaches the magnitude of 10−19 m−2/3. It is easily seen from the middle of Figure 2b that the tropopause turbulence reaches the same order of magnitude as near-sea level.



Based on the vertical profiles distribution of turbulence, the averaged and model-fitted    C n 2    profiles over the SCS are illustrated in Figure 3a. It is easily seen that the    C n 2    profiles measured by the micro-thermometer reveal a steep drop around the sea level, which may be related to the lower ocean-atmosphere boundary layer. Compared with the results of Sergei’s 2019 study, the turbulence strength in the ocean-atmosphere boundary layer is relatively weak, which is related to the stable atmospheric conditions of the ocean, and the development of atmospheric turbulence is insufficient at this situation [34].



A new    C n 2    statistical model over the SCS was fitted from the Hufnagel-Valley model (HV 5/7) [22]. In the following, we refer to the new model as the SCS model, which is given as follows:


     C n 2   h  = 3.978 ×  10  − 29.99   ×   ( w / 27 )  2  ×  h  19.54   exp ( − h / 0.7 )   +     2.48 ×  10  − 15   exp ( − h / 0.02 ) + 1.5 ×  10  − 16.7   exp ( − h / 14 )    



(3)




where  h  is the altitude above sea level in km.  w  is the average wind speed from 5 to 25 km, which is taken as 14.32 m∙s−1 in the fitting process. This expression consists of three terms, which are the turbulent contribution of stratosphere, troposphere and boundary layer. It is notable that the differences between the SCS model and the measurement are relatively small from sea level to 30 km and the estimated and measured profiles present good agreement. Furthermore, the relationship between the SCS model and measurements are depicted in Figure 3b. The results estimated by the SCS model and the micro-thermometer results are evenly distributed on both sides of the line y = x, which means that the model can well reconstruct the characteristics of atmospheric turbulence over the South China Sea.




3.2. Evaluation of ERA5 Data over the SCS


To verify the validity of ERA5 data, the average vertical profiles and the bias of temperature and wind speed at 114°E and 10°N are depicted in Figure 4. This selected site is located at the center of the experiment site and is representative, as shown in Figure 1. The black and red lines are the mean profiles of the meteorological data of the balloon-borne micro-thermometer data and the ERA5 data from October to November, respectively. It is easily seen that the vertical profiles derived from the micro-thermometer and ERA5 data have good consistency in trend and magnitude. For the bias profile of temperature and wind speed, the absolute value of bias is not more than 1.5 K and 2 m∙s−1, respectively. In conclusion, the statistical results show that the temperature and wind speed retrieved from the ERA5 data are reliable and convincing to characterize optical turbulence parameters.




3.3. Turbulence Parameters Distribution and Seasonal Behavior


Using the newly fitted SCS model, combined with the wind speed data from the ERA5 data, we investigated the characteristics of atmospheric turbulence concerning monthly distribution and seasonal fluctuations in a certain location over the SCS (114°E, 10°N) from 2011 to 2020. Figure 5 displays the monthly median vertical profiles of    C n 2   . Due to the limitations of the statistical model, we cannot obtain the fine structure of the turbulence, but some evidence can be found for the variations of the optical turbulence strength. From January to December but excluding April, the vertical profiles of    C n 2    show typical atmospheric turbulence characteristics with a peak in the tropopause (around 15 km). The general trend is that    C n 2    decreases gradually with height, but a strong turbulent layer appears at certain heights. It is notable that the maximum median of log (   C n 2   ) at the tropopause is about −15.75 m−2/3 in August, while the minimum is −16.75 m−2/3 in April. Comparing different seasons,    C n 2    in the upper atmosphere is strongest in summer, followed by autumn and winter, and weakest in spring. In particular, the strong turbulent layer disappears in April.



The optical turbulence strength is a fundamental parameter and is closely related to atmospheric instability. The Richardson number is an important parameter for rough prediction of air turbulence, which represents the stability or instability features of the atmosphere [35,36,37].


  R i =  g θ    ∂ θ / ∂ h    S 2     



(4)




where  g  is 9.8 m∙s−2,  θ  is the potential temperature, and  S  is the gradient of the horizontal wind speed, known as wind shear, which has the expression of:


  S =     ⟮    ∂ u   ∂ h    ⟯  2  +   ⟮    ∂ v   ∂ h    ⟯  2     



(5)




where  u  and  v  are the horizontal wind speed components. In this paper, the Richardson number was used to evaluate the possibility of where and when the optical turbulence occurs and compare the level of relative stability or instability of the free atmosphere.



Previous studies have demonstrated that dynamic and thermal instabilities can generate atmospheric turbulence, where the thermal instability is related to the gradient of potential temperature and the dynamic instability can be identified by Richardson number. The atmosphere is stable when   R i   is greater than 1/4, and unstable when   R i   is less than 1/4, which means that atmospheric turbulence is more likely to be triggered when   R i   is small [21]. However, the atmosphere is dominated by stable conditions at night, and it is difficult to detect dynamic instability caused by strong wind-speed shear.



Figure 6 displays the monthly mean diurnal variation and median of the wind shear profile. Obviously, the wind shear presents a similar trend as height from November to March, which is roughly the same as the variation trend of turbulence strength with a peak around 15 km. At the same time, there is also a large wind shear near the sea level. In April, May and July, although the same strong wind shear layer is present around 15 km, the wind shear near sea level is small. According to Hach’s study, the wind shear profile has a peak around 16 km and another peak around 10 km [38]. In contrast to the results of this experiment, the first peak height of the wind shear profile over the ocean is lower than the land, and the second peak weakens or disappears in different months. It is worth noting that from July to September, the strong wind shear layer covers the range from the sea surface to 18 km. In terms of seasonal variation, the wind shear is the strongest in summer and the weakest in spring.



The monthly mean diurnal variation and median of the   R i   profile for each month are shown in Figure 7. In this section,   R i   is replaced by   1 / R i   since   1 / R i   can represent a possible region for generating optical turbulence in a better dynamic range. During summer to winter, except in October,   1 / R i   shows similar features. The   1 / R i   profiles decrease steeply near the sea level, gradually increase up to the tropopause (about 15 km), and then decrease gradually above the tropopause. The large value of   1 / R i   is observed at around 10–15 km, which is closely associated with the existing conditions of wind shear mentioned above. During summer and September, the instability of the atmosphere is significantly larger than other months, and the extremely low intensity in April indicates the most stable condition in all months. Using the radio-sounding data for January 2021 and July 2021, Artem obtained 1/Ri vertical profiles at Mineralnye Vody [39]. Comparing the two experimental results, 1/Ri has a larger value in the lower atmosphere; the difference is that there are multiple peaks between 2 km and 10 km at Mineralnye Vody, while the peak only appears above 10 km in the South China Sea. This difference may be due to the stability of the ocean-atmospheric environment due to its underground uniformity, which reduces the probability of atmospheric turbulence. Furthermore, Figure 8 displays the average profiles of wind shear and Richardson number obtained from balloon-borne micro-thermometer and ERA5 data for October and November 2020 at 114°E and 10°N. It can be seen that the average profiles of wind shear and Richardson number from micro-thermometer and ERA5 data are consistent in trend and magnitude. Although there are differences in the fine structure, it still has a certain practical significance when analyzing the variation characteristics of turbulent parameters.



To analyze the turbulence characteristics in a more comprehensive way, several key parameters for many years are shown in Figure 9, where the red line represents the variation in the median value of the parameter over different months. In the profile of the wind speed (Figure 9a), it is increasing with height most of the time. The wind speed is small, within 10 m∙s−1, from sea level to about 10 km, and strong winds begin to appear above 10 km. In particular, the wind speed in summer sometimes exceeds 40 m∙s−1 at around 30 km. In Figure 9b, the boundary layer has strong wind shear, followed by very weak wind shear from 2 km to 10 km, after which strong wind shear appears again above 10 km. It is easily seen that the Richardson number has a large value near sea level and in the range of 10 km to 15 km, which means the corresponding instability of the atmosphere may lead to the generation of turbulence. The    C n 2    profiles over the years estimated by the SCS model are illustrated in Figure 9d. Note that there exist strong turbulent layers from 10 to 20 km. Furthermore, the variations in the median values of different parameters have good consistency, as shown in the gray part in Figure 9.





4. Conclusions


In this investigation, the balloon-borne radiosondes equipped with micro-thermometers are released to require the    C n 2    profiles and conventional meteorological parameters over the SCS. To achieve satisfactory results, this research study first statistically analyzes the vertical profile distribution of    C n 2    and wind speed from twenty-three balloon samples over the SCS. Based on the measured data and the Hufnagel-Valley 5/7 model, a new statistical averaging model of turbulence profiles is obtained, which corresponds to the climatic characteristics of the SCS and the law of turbulence variation. After that, we verify the validity of the ERA5 data using the temperature and wind speed data obtained from the micro-thermometer measurement. Finally, an analysis of the turbulence parameter distribution and seasonal behavior is performed based on the newly fitted statistical model and ERA5 data. The conclusions are summarized as follows.



According to the analysis results of the wind speed profile distribution, the wind speed increases with height, and the maximum wind speed reaches 30 m∙s−1 around 15 km. The surface boundary layer turbulence decreases with altitude to very low value, as well as increases with height from the boundary layer to about 15 km and decreases gradually in the free atmosphere. A new statistical model, the SCS model, is proposed based on the measured data and the Hufnagel-Valley 5/7. The results of statistical analysis show that the SCS model can well reconstruct the atmospheric turbulence characteristics of the South China Sea.



The statistical analysis has verified that the atmospheric parameters (wind speed, temperature) in the free atmosphere retrieved from ERA5 data coincide with measurements obtained from the balloon-borne micro-thermometer over the SCS, with a satisfactory level of reliability. For the determined location (114°E, 10°N), the temperature and wind speed present a bias basically within 1.5 K and 2 m∙s−1, respectively.



Monthly median profiles of turbulence strength show typical atmospheric turbulence characteristics with a peak around 15 km from January to December but excluding April. The maximum median of log (   C n 2   ) at the tropopause is about −15.75 m−2/3 in August, while the minimum is −16.75 m−2/3 in April. Comparing different seasons,    C n 2    in the upper atmosphere is strongest in summer, followed by autumn and winter, and weakest in spring.



The wind shear profiles present a similar characteristic, with peaks between 10 km and 20 km. In terms of seasonal variation, the wind shear is the strongest in summer and the weakest in spring. Moreover, the Richardson number shows similar features with a peak from 10 km to 20 km, which is closely associated with the existing wind shear. During summer and September, the instability of the atmosphere is significantly larger than that of other months and the extremely low intensity of 1/Ri in April indicates the most stable condition in all months. According to the analysis results of turbulence parameter profiles for many years, the variations in the median values of different parameters have good consistency, which means that there is a strong connection between the individual parameters.



This work was undertaken to propose a new model through statistical analysis and the new model and ERA5 data were applied to analyze the turbulence parameters in the South China Sea. These results add substantially to our understanding of atmosphere optical turbulence and the conclusions may be applied to improve the performance of an adaptive optics system. However, these results are limited by the time and position of the experiment. Due to the lack of sufficient measurement data, the results of the analysis are limited to the South China Sea area. Optical turbulence has randomness and uncertainty, and it is greatly affected by the environment, season, longitude and latitude, and altitude. There will be certain errors in directly extending the conclusion to other regions. Next, the main direction of our research is to obtain a large amount of measurement data in different regions, use the measured data to verify and improve the experimental conclusions, and generalize the conclusions to other regions in the world. Moreover, the performance of the SCS model needs further verification in different regions, seasons and weather conditions.
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Figure 1. Location of experiment site. 






Figure 1. Location of experiment site.
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Figure 2. Vertical profiles distribution of atmospheric parameters measured by twenty-three samples of balloon-borne micro-thermometer, (a) wind speed, (b)    C n 2   . 
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Figure 3. (a) Comparison of    C n 2    profiles from measurement and SCS model; (b) correlation of turbulence strength between measurement and model. 
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Figure 4. Average profiles of (a) temperature and (b) wind speed obtained from balloon-borne meteorological sensor and ERA5 data for October and November 2020 over the SCS (114°E, 10°N). 






Figure 4. Average profiles of (a) temperature and (b) wind speed obtained from balloon-borne meteorological sensor and ERA5 data for October and November 2020 over the SCS (114°E, 10°N).



[image: Remotesensing 14 04398 g004]







[image: Remotesensing 14 04398 g005 550] 





Figure 5. Monthly median vertical profiles of log(   C n 2   ) obtained from ERA5 data during 2011–2020 over the SCS (114°E, 10°N). 
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Figure 6. Monthly mean diurnal variation and median of wind shear profile obtained from ERA5 data during 2011–2020 over the SCS (114°E, 10°N). 
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Figure 7. Monthly mean diurnal variation and median of Richardson number profile obtained from ERA5 data during 2011–2020 over the SCS (114°E, 10°N). 
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Figure 8. Average profiles of (a) wind shear and (b) Richardson number obtained from balloon-borne micro-thermometer and ERA5 data for October and November 2020 over the SCS (114°E, 10°N). 
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Figure 9. The (a) wind speed, (b) wind shear, (c) Richardson number and (d) turbulence strength profiles derived from ERA5 data during 2011–2020 over the SCS (114°E, 10°N). 
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Table 1. Specific experimental records of 23 available measurements.
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	Balloon Number
	Longitude (°E)
	Latitude (°N)
	Launch Date
	Launch Time
	Termination Time
	Termination Altitude (m)





	1#
	112.95
	9.54
	2020.10.17
	22:04
	23:49
	23,905



	2#
	112.72
	10.67
	2020.10.18
	10:21
	11:53
	31,530



	3#
	112.77
	10.44
	2020.10.18
	18:29
	20:16
	30,968



	4#
	112.57
	9.85
	2020.10.19
	08:59
	10:51
	30,469



	5#
	112.71
	8.31
	2020.10.23
	08:43
	10:17
	30,766



	6#
	111.73
	9.32
	2020.10.25
	08:52
	10:32
	31,702



	7#
	111.73
	9.32
	2020.10.25
	13:29
	15:23
	31,348



	8#
	111.88
	10.04
	2020.10.26
	08:40
	10:27
	31,290



	9#
	115.62
	9.91
	2020.11.01
	12:19
	14:07
	30,120



	10#
	115.45
	9.90
	2020.11.02
	12:29
	14:07
	29,903



	11#
	115.45
	9.90
	2020.11.02
	16:09
	17:56
	31,273



	12#
	115.45
	9.90
	2020.11.02
	19:23
	21:33
	30,031



	13#
	114.78
	9.77
	2020.11.03
	09:05
	10:33
	30,423



	14#
	114.78
	9.77
	2020.11.03
	12:18
	14:08
	30,468



	15#
	114.78
	9.77
	2020.11.03
	16:29
	18:00
	29,878



	16#
	115.32
	10.03
	2020.11.04
	09:07
	10:57
	30,712



	17#
	115.65
	9.86
	2020.11.04
	16:53
	18:34
	28,797



	18#
	113.95
	10.35
	2020.11.07
	17:52
	19:31
	26,340



	19#
	115.48
	9.82
	2020.11.12
	10:09
	11:49
	31,126



	20#
	115.48
	9.82
	2020.11.12
	12:41
	14:07
	30,668



	21#
	115.48
	9.82
	2020.11.12
	16:27
	17:59
	30,030



	22#
	115.48
	9.82
	2020.11.12
	19:20
	20:49
	28,992



	23#
	115.48
	9.82
	2020.11.13
	08:19
	10:03
	33,727
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Table 2. Specific information for ERA5 data.
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	Data Type
	Horizontal Coverage
	Horizontal Resolution
	Vertical Coverage
	Vertical Resolution
	Temporal Coverage
	Temporal Resolution





	Gridded
	Global
	0.25° × 0.25°
	1000 to 1 hPa
	37 levels
	1959 to present
	Hourly
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