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Abstract

:

All-day atmospheric water vapor content measurements determined by Raman lidar and a sunphotometer were combined to investigate the all-day variation characteristics in the water vapor distribution in Xi’an, China (34.233°N, 108.911°E). To enhance the daytime lidar performance, the wavelet threshold de-noising method is used to filter out the strong solar background light, and effective denoised results are demonstrated with the following optimization: wavelet sym6, the improved threshold function, and the improved threshold selection. The denoised system signal-to-noise ratio (SNR) for the water vapor daytime measurement is validated, with an enhancement of ~3.4 times up to a height of 3 km compared to that of the original signal. The time series of the atmospheric water vapor mixing ratio profiles and the obtained precipitable water vapor (PWV) measured by Raman lidar are used to reveal the temporal and spatial variations in water vapor, and the comparisons with the total column water vapor content (TCWV) measured by a sunphotometer validate the daytime variation trend of the water vapor. All-day continuous observations clearly present a consistent variation trend in the water vapor between the sunphotometer and Raman lidar measurements. The correlation analysis between TCWV and PWV at the layers below 850 hPa and below 700 hPa yields a good positive correlation coefficient (>0.75), indicating that PWV determination in the bottom layer by Raman lidar can directly reflect the variations in the total water vapor content. Moreover, different diurnal variation trends in water vapor are also observed, that is, a downward trend from the afternoon to the night, or a tendency of being high in the morning and afternoon and low at noon, demonstrating the high temporal-spatial variation characteristics of water vapor and close correlation with weather changes. The results reflected and validated that the diurnal variation in water vapor is complicated and can be an indicator of the weather to a certain extent.
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1. Introduction


Atmospheric water vapor plays an important role in hydrological processes, atmospheric circulation, and weather systems [1,2]. Water vapor is the primary greenhouse gas whose radiative effects may amplify the response to changes in climate, leading to further global warming. In addition, water vapor is closely related to surface evaporation, cloud formation, precipitation, and circulation transportation [3,4,5]. Precipitable water vapor (PWV) is defined as a vertically integrated water vapor column within a layer; it is the most active component in the global hydrological cycle, which in turn makes water vapor an important factor influencing regional climate change, water balance, and energy balance [6,7]. Research on the temporal and spatial distribution of atmospheric water vapor and PWV not only helps to study global and regional climate change, cloud formation, and precipitation processes, but also provides a theoretical basis for atmospheric water resources.



Lidar is a powerful tool used in remote sensing for characterizing atmospheric components and atmospheric properties [8,9,10,11]. With the development of laser technology and Raman spectroscopy, Raman lidar has succeeded in measuring atmospheric temperature, water vapor, and aerosols [12,13,14]. Vibrational Raman scattering signals from water vapor molecules (H2O) and nitrogen molecules (N2) have been widely used in the detection of water vapor profiles [15,16]. The potential of Raman lidars is not only to investigate synchronous multi-parameters profiles and the correlations among them, but also to study aerosol hygroscopic growth by combining water vapor and aerosols [17,18,19,20]. Many ground-based Raman lidar systems currently exist around the world, and significant achievements have been made in the measurement of water vapor and aerosol profiles [21,22,23,24]. At present, atmospheric water vapor mixing ratio profiles can be achieved up to the entire troposphere by Raman lidars. However, methods for all-day water vapor measurements with high precision must still be developed because of the strong solar background light in the daytime.



The sunphotometer, which is an important tool for atmospheric research and meteorological observation, has advantages for studying the optical and physical properties of aerosol particles in the daytime [25,26]. Aerosol size distribution, total precipitable water, and optical thickness can be obtained by direct radiation analysis of the solar forcing. Oleg Dubovik et al. measured four types of aerosols and studied the average optical characteristics in different regions using a sunphotometer [27]. Hu Xiuqing et al. measured the total precipitable water using CE-318 to determine the input parameters of the radiation transmission model [28]. Many detailed studies have also been conducted in terms of calibration methods, retrieval algorithms, and so on [29,30].



Considering the complementarity of sunphotometer and lidar techniques, in this paper, the combination of a Raman lidar and sunphotometer is applied to investigate the all-day variation characteristics in the water vapor distribution in Xi’an. To extract the weak Raman scattering signals of water vapor from strong solar background light, the wavelet threshold de-noising method is used, as presented in detail in Section 3; using this technique, the daytime performance of Raman lidar is first validated. In Section 4, water vapor profiles and PWV characterized by Raman lidar and the total column water vapor content (TCWV) characterized by the sunphotometer are combined to study the temporal and spatial variations in water vapor in the daytime. The results from the two continuous observations clearly reveal the all-day variation trend, and the correlation between them is also analyzed.




2. Configuration and Retrieval Method


2.1. Raman Lidar and Retrieval Methods for Water Vapor


The ultraviolet Raman lidar system used in this study was developed at Xi’an University of Technology. A schematic diagram of the system is presented in Figure 1. The system employs a pulsed Nd:YAG laser as a light source. The laser operates at a frequency-tripled wavelength of 354.7 nm and has a 20 Hz repetition rate, an energy output of 150 mJ, and a 9 ns full width at half maximum (FWHM) pulse duration. Returned signals are collected using a 600 mm Newtonian telescope and are then coupled with a multimode optical fiber and guided into a spectroscopic box. A set of dichroic mirrors (DMs) and narrow-band interference filters (IFs) is used to construct a high-efficiency polychromator, which divides the returned signals into three channels: channel 1 is used for the detection of elastic Mie-Rayleigh signals, and channels 2 and 3 are used to detect the vibrational Raman signals of nitrogen and water vapor molecules at central-wavelengths of 386.7 nm and 407.6 nm, respectively. Taking into account the influence of strong solar background light, a receiving optical fiber with a diameter of 200 µm and an interference filter with a bandwidth of 0.5 nm are used.



According to its definition, the atmospheric water vapor mixing ratio w(z) is defined as the mass water vapor divided by the mass of dry air in a given volume, which is given as [15]:


  w ( z ) =    N H  ( z )  M H     N  d r y   ( z )  M  d r y      



(1)




where NH(z) and Ndry are the density of the water vapor and dry air, respectively; and MH and Mdry are the molecular weight of the water vapor (~18 g/mol) and dry air (an averaged quantity whose value is 28.94 g/mol), respectively. Considering that N2 molecular forms a constant fraction (~0.78) of dry air in the lower atmosphere, it is apparent that the water vapor mixing ratio can be calculated using the ratio of the Raman water vapor (λH = 407.5 nm) and Nitrogen signals (λN = 386.7 nm), expressed as [15]:


  w ( z ) = 0.485 ×    N H  ( z )    N N  ( z )   = 0.485 ×    P H  ( z )    P N  ( z )   ⋅    k N     k H    ⋅    σ N  ( π )    σ H  ( π )   ⋅ exp  {       ∫ 0 z   [  α   λ H    (  z ′  ) −  α   λ N       (  z ′  ) ] d  z ′   }     



(2)




where the subscripts H and N denote H2O and N2 molecules, respectively; P is the output power of the channel; σ is the cross section of Raman scattering; αλ is the extinction coefficient at the wavelength λ; and k is the system efficiency factor, including the optical efficiency and electrical efficiency of system. Moreover, kN/kH is the system constant, which can be calibrated by comparison with radiosonde data at the same height. For our lidar, the system calibration was performed with the radiosonde data obtained from the local Meteorological Bureau of Xi’an (~8 km from the lidar) at 20:00 CST, and a fixed height of ~1000 m is used as the calibration height.



The mixing ratio q(z) is defined as the ratio of the mass of water vapor to the total mass of wet air, and it is related to the water vapor mixing ratio w(z) and given as:


  q ( z ) =   w ( z )   w ( z ) + 1    



(3)







The precipitable water vapor (PWV) is defined as the vertically integrated water vapor column (unit: mm) within a layer and can be calculated as:


  PWV =  1  g ρ     ∫    p 0   p  qdp =  1  g ρ     ∑   i = 1  n     q ¯  Δ p  



(4)




where p0 and p are atmospheric pressures (unit: Pascal) at the layer’s upper and lower boundaries, respectively; ρ is the vapor density; and g is the acceleration of gravity (9.806 ms−2). Thus, the water vapor mixing ratio profiles and PWV in different layers can be obtained by the Raman lidar.




2.2. Sunphotometer and Retrieval Methods for Total Column Water Vapor Content


The sunphotometer used in this paper is PREDE POM-02 from Japan, and it is provided with 11 channels: 315 nm, 340 nm, 380 nm, 400 nm, 500 nm, 675 nm, 870 nm, 940 nm, 1020 nm, 1627 nm, and 2200 nm. The non-absorbed band in visible spectra is normally used for retrieving the optical and physical properties of aerosol particles, and the strong water vapor absorption 940 nm band has been used to determine water column abundance in the atmosphere when the path to the sun is clear of clouds [31].



At 340, 380, 400, 500, and 870 nm wavelengths with weak absorption by atmospheric gases, the total optical depth of    τ  λ       is derived based on the Beer-Lambert-Bouguer law, as follows [32]:


   V λ  =  V  0 λ    R  − 2   exp  [  −   m τ  λ   ]   



(5)




where, for each channel (wavelength), the subscript λ denotes the wavelength;    V λ    is the signal measured by the sunphotometer at wavelength   λ ;     V   0 λ     represents the calibration coefficients at wavelength  λ , and can be obtained by the Langley calibration method; R is the Earth-Sun distance in Astronomical units at the time of observation; m is the optical air mass; and    τ λ    is the total optical depth at wavelength  λ . Taking the natural logarithms of both sides of Equation (5), the total optical depth    τ  λ       is given as:


   τ λ  = −  1 m  ln    V λ   R 2     V  0 λ      



(6)







The Rayleigh optical depth    τ  m λ     at different wavelengths  λ  can be obtained from atmospheric models, and is given as:


   τ  m λ   =  p   p 0    0.0088  λ  − 4.05    



(7)




where    p 0    is the standard atmospheric pressure and p is the practical atmospheric pressure.



In the case of neglecting the ozone absorption, therefore, aerosol optical depth (AOD or    τ  a λ    ) at wavelength λ is obtained by:


   τ  a λ   =  τ λ  −  τ  m λ      



(8)







AOD at different wavelengths follows the Junge distribution, as follows:


   τ a   ( λ )  =   β λ   − α    



(9)




where  α  and  β  are the Ångström exponent and turbidity coefficient, respectively, and can be derived using the linear fitting of the AODs of 340, 380, 400, 500, and 870 nm channels. Thus, the aerosol optical depth at 940 nm (   τ  a 940    ) can be obtained.



It is pertinent to mention that the 940 nm wavelength is greatly affected by water vapor absorption. As such, the most significant parameter used to derive water vapor in the instrument is the signal data from the 940 nm channel. Because of the nonlinear contribution from water vapor in the 940 nm channel, the response of this channel by the sunphotometer is given as [29,31,32]:


   V w  =  V  0 w    R  − 2   exp  (  −   m τ   a 940    )   T W   



(10)




where the subscript w represents the water vapor channel and Tw is the water vapor transmission rate, which is given as:


   T W  = exp  (  −   a ω  b   )   



(11)




where a and b are instrument constants numerically derived for the 940 nm filter, and here a = 0.585 and b = 0.573;  ω  is the titled atmospheric water vapor and can be written as   ω = m  p W   ; and    p W    is the total column water vapor. Thus, the total column water vapor 940 nm band is selected for retrieving the total column water vapor (TCWV), which can be written as:


   p W  =    (  −   ln  (    VR  2  /  V 0  + m τ  )      am  b     )    1 / b    



(12)









3. Daytime Performance of Raman Lidar


In a view of all-day lidar detection, lidar return signals in the daytime are likely to be contaminated or even drowned out by noise; thus, the detection performance of lidar is greatly reduced. Compared with the elastic Mie-Rayleigh scattering signals, Raman scattering signals of atmospheric molecules should be smaller by three to four orders of magnitude. Therefore, determining how to extract weak Raman scattering signals from strong background light is one of the key difficulties in the daytime Raman lidar measurements. The wavelet threshold de-noising method has been widely used in signal analysis, image processing, fault diagnosis, and other fields. Using wavelet decomposition and wavelet reconstruction, the noise can be effectively removed from real signals [33,34,35,36]. In this section, the wavelet threshold de-noising method is used to extract the Raman scattering signal of water vapor from the background light, and the detailed de-noising process is discussed and validated regarding its improvement in daytime Raman lidar for water vapor measurements.



3.1. Wavelet De-Noising Method


The lidar return signal with noise can be given as:


  f ( t ) = s ( t ) + σ e ( t ) ,   1 ≤   t   ≤   N  



(13)




where s(t) represents the true value of the lidar return signal, e(t) is the white noise caused by the electronic noise and stray light, σ is the noise coefficient, and N is the length of the discrete sampling sequence f(t). Regarding the daytime lidar measurement, background light from the sun and the electrical noise by the detection system constitute the main noise.



The purpose of wavelet de-noising is to reduce the degree of contamination of s(t) by e(t). Discrete signals by wavelet transform or decomposition at different resolutions show different characteristics, so the noise can be reduced using different threshold and wavelet coefficients. Therefore, f(t) is a finite power function, and then   f  ( t )  ∈  L 2   ( R )    (square-integral real number vector space). According to the definition of wavelets multi-resolution analysis, in the given vector space Vj, f(t) can also be expressed as a series expansion in terms of the scaling function and wavelets, as follows [36,37,38]:


  f ( t ) =    ∑ a   k  j − 1   φ (  2  j − 1   t − k ) +    ∑ d   k  j − 1   ψ (  2  j − 1   t − k ) ,  



(14)




where the first summation      ∑ a   k  j − 1   φ (  2  j − 1   t − k )   represents a function that is in a low-resolution or coarse approximation of f(t), and the second summation      ∑ d   k  j − 1   ψ (  2  j − 1   t − k )   is the high-frequency component of f(t), which represents the detailed information of f(t).    a k  j − 1     is the approximation coefficient, and    d k  j − 1     is the wavelet coefficient when the resolution is 2j−1, which are given as [36]:


  φ (  2  j − 1   t − l ) =  ∑   h  k − 2 l     φ (  2 j  − k ) ,  



(15)






  ψ (  2  j − 1   t − l ) =  ∑    ( − 1 )  k     h  1 − k + 2 l    ¯    φ (  2 j  − k ) ,  



(16)






   a l  j − 1   =  1 2   ∑     h  k − 2 l    ¯     a k j  ,  



(17)






   d l  j − 1   =  1 2   ∑    ( − 1 )  k   h  1 − k + 2 l      a k j  ,  



(18)







In Equations (15) and (16),   φ (  2  j − 1   t − l )   and   ψ (  2  j − 1   t − l )   represent the scaling function and the wavelet function or mother wavelet, respectively. The subscript j, k, and l belong to the set of integers, and h is the filter function and is determined by the chosen wavelet base. Equations (17) and (18) are recursive equations. So the basic wavelet de-noising principle is to employ wavelet transforms to decompose the return signal according to the multi-scale functions. Because the average power of the wavelet transform coefficients of white noise is inversely proportional to the scale j, the magnitudes of the wavelet transform coefficients of white noise will decay when the order of the wavelet transform increases.



After de-noising, the signal is reconstructed by an inverse wavelet transform and is given as:


   a k j  =  ∑   h  k − 2 l      a l  j − 1   +  ∑    ( − 1 )  k     h  1 − k + 2 l    ¯     d l  j − 1   ,  



(19)







Therefore, the basic steps of the wavelet threshold de-noising process are as follows:




	(1)

	
First, it is necessary to select the appropriate wavelet base and decomposition level through the de-composition of the original lidar return signals;




	(2)

	
Second, it is important to choose the appropriate threshold and threshold function to remove noise and background light from the detected signals;




	(3)

	
Finally, it is necessary to reconstruct the signals according to the each level of wavelet decomposition for low-frequency coefficients and high-frequency coefficients.









The effect before and after de-noising can be evaluated by the denoised signal to noise ratio (SNR) and the root mean square error (RMSE), as follows [36]:


  SNR = 10 × lg     ∑  i = 1  n    s i    2        ∑  i = 1  n     (  s i  −  d i  )  2      ,  



(20)






  RMSE =       ∑  i = 1  n     (  s i  −  d i  )  2     n     



(21)




where s is the original signal, d is the denoised signal, and n is the signal length.




3.2. De-Noising Processing and Discussion


We conducted wavelet de-noising processing for the measured lidar return signal of water vapor, and the results are discussed in detail in this section. For wavelet de-noising, mother wavelets are wave functions with fast attenuation and a finite length. By stretching and translating, a series of functions can be obtained and defined as the wavelet base functions [38]. These are often used to construct the signals, and also make the signals easy to handle by their inherent characteristics. Generally, there are many kinds of wavelet base functions, including Haar wavelets, Daubechies wavelets, Symlets wavelets, Coiflet wavelets, Molet wavelets, and so on [39,40,41].



The influence of the wavelet base function on the denoised results is first discussed. Because of the discrete signals, we focused on three common discrete wavelet families: Daubechies (dbs) wavelet base, Symlets (syms) wavelet base, and Coiflet (coifs) wavelet base. Figure 2a shows the denoised SNR and RMSE results by using three wavelet bases with different filter lengths. It can be clearly seen that the denoised SNRs differ greatly under different wavelet bases with filter length. Taking the coifN wavelet base as an example, we can find that the denoised SNR gradually increases from 38.5 to 40 with the filter length increasing from 1 to 5, and the denoised RMSE decreases gradually. Taking symN and dbN as the wavelet base, the filter length exerts great influence on the denoised results, and the denoised SNR is increased under a shorter filter length, followed by a decline and leveling off under a longer filter length. Overall, the denoised results by symN are better than those by dbN; in particular, the maximum denoised SNR and the minimum RMSE can be achieved with the wavelet bases of sym6 and sym7.



To express the denoised results more intuitively, we chose several representative wavelet bases with fixed filter lengths to complete the denoising processing. Taking the measurement results obtained at 14:00 CST (Chinese standard time) 12 September 2016, as an example, wavelet de-noising processing was applied, and the denoised range-corrected square signal (RSCS) of water vapor was obtained, as shown in Figure 3. All the heights in this study are relative to the ground level. The curves in the figure were displaced from each other with an offset of ×3. From the original RSCS (black solid line), the effective detection range for daytime water vapor is less than 2000 m because the returned signal above 1500 m is submerged in strong noise. Regarding the red curve, a rough shape with a serration can be observed in the denoised RSCS using the sym2 wavelet base. It is also found that the denoised RSCS values with sym6, sym12, and Db4 are provided with approximately similar shapes, with corresponding denoised SNRs of 40.1, 39.2, and 38.9, respectively, and RMSEs of 1.86 × 10−7, 2.23 × 10−7, and 2.41 × 10−7. By comparison, sym6 is more conducive for obtaining a better denoised effect for water vapor Raman signals in the daytime.



An appropriate threshold selection method directly affects the denoised result because of different thresholds. According to different threshold estimation rules, there are several threshold selection methods, such as the Heuesure threshold (Heuesure), Rigrsure threshold (Rigrsure), Sqtwolog threshold (Sqtwolog), Minimaxi threshold (Minimaxi), and improved threshold [37,42,43,44,45]. The Sqtwolog threshold is the most simple and widely applied; however, the wavelet coefficient might be over-killed by its threshold in practical applications. The Rigrsure threshold will result in large noise when the signal to noise ratio is relatively small. The Heuesure threshold is proposed combining the first two threshold selection methods. A fixed threshold is used by the Minimaxi threshold selection method. On the basis of the Sqtwolog threshold, the improved threshold method was developed to obtain different thresholds under different decomposition levels and decomposition scales. Because of different threshold estimation rules, threshold selection methods have their own application scope, so it is particularly important to choose the appropriate threshold during the wavelet de-noising process.



Common threshold selection methods include Heursure, Rigrsure, Sqtwolog, Minimaxi, and improved threshold selection. Here, we discuss the effect of threshold selection methods on the denoised results. As shown in Figure 4, the obtained RSCS and the denoised SNR by using different threshold selection methods are compared with those of the original signals. Regarding the overall shape, it can be seen that a certain denoised effect has been achieved; however, different details exist at certain heights. The denoised RSCS presented obvious oscillation with the Rigrsure threshold method, and a large distortion can be observed at ~2250 m. The distortion phenomenon also exists for other threshold methods except the improved threshold method. A smooth shape and no large distortion were observed in the denoised RSCS using the improved threshold method. The denoised SNRs are also given in the figure, revealing that a denoised SNR of 44.2 can be achieved using the improved threshold method. We further discuss the denoised results using different threshold functions, including the soft threshold function, hard threshold function, and improved threshold function. When using the wavelet base of sym6 and the improved threshold selection method, weak oscillations exist for the hard threshold function, and a similar but smoother RSCS shape can be obtained using the soft threshold and the improved threshold function. Moreover, the denoised SNR with the improved threshold function can reach 49.66, which is much higher than that for the soft and hard threshold of 46.22 and 44.15, respectively.



In addition, a large amount of water vapor Raman returned signals in the daytime measurements are involved in the de-noising discussion. It is demonstrated that an optimal daytime denoised evaluation can be achieved using the wavelet sym6, the improved threshold function, and the improved threshold selection.




3.3. Validation of the Daytime Performance


Furthermore, the daytime lidar performance can also be validated by a system SNR analysis. Figure 5 shows a measurement example taken at 16:00 CST on 15 September 2016, along with comparisons of the results before and after de-noising processing. Figure 5a shows the RSCS of water vapor and the nitrogen Raman scattering signal. Because of the solar background light, the effective detection range for water vapor was within a height of 2000 m. After de-noising processing, the noise was effectively removed from the water vapor Raman signal, and the effective detection distance was greatly improved to approximately 3200 m. The same denoised results can be obtained from the nitrogen Raman scattering signal. The retrieved water vapor mixing ratio is also compared in Figure 5b; the amount of water vapor is found to decrease with increasing height. In addition, the system SNR for water vapor measurement is discussed and compared. As shown in Figure 5c, the denoised system SNR for the daytime water vapor measurement was improved by approximately 3.4 times compared to that of the original signal. Under the condition of an SNR of 10, the effective detection range increases from 2000 m to 3200 m. Thus, the wavelet threshold de-noising method was verified to remove the background light and noise from the Raman scattering signals, and the daytime performance of Raman lidar could be improved effectively to provide data for the all-day variation in the water vapor.





4. Investigation of the All-Day Water Vapor Variation


It is known that atmospheric water vapor is characterized by rapid changes in time and space. To investigate the diurnal variation of water vapor, the all-day continuous observations were conducted using our Raman lidar, and the all-day atmospheric water vapor mixing ratio was obtained and analyzed, where the wavelet de-noising method was used to filter out the background noise in the daytime measurement. Moreover, a sunphotometer was used to retrieve the aerosol optical depth (AOD) at different wavelengths, and the total column water vapor content (TCWV) was also retrieved by the 940 nm absorption channel. The sunphotometer is only useful during cloudless daytime conditions, as it stops working when the sun is near sunset or during rainy weather. Therefore, the water vapor data collected by the sunphotometer were compared with the lidar data to validate the variation trend during the daytime.



4.1. Case Study 1


Figure 6 shows a measurement example of a 7-h THI plot of the water vapor mixing ratio taken during 15:00–22:00 CST on 15 September 2016. It is clearly shown that the atmospheric water vapor mixing ratio was larger during 15:00 and 17:00 in the afternoon and decreased slowly with time. An obvious change can be found in the water vapor distribution below 1.5 km. We also discuss the lidar PWV within two different layers: (1) ranging from the ground to 700 hPa and (2) ranging from the ground to 850 hPa. The time series of lidar PWV is analyzed to investigate the diurnal variation trend in water vapor, as shown in Figure 7.



To clearly explain variations, the time series is divided into two periods: 15:00–18:00 and 18:00–22:00. The PWV below 700 hPa declined slowly from 16.5 mm to 15.5 mm during 15:00–17:00 and decreased rapidly to 14.5 mm in the next hour; a slight increase appeared after 18:00 and then leveled off with a value of 14 mm until 22:00 CST. The temporal change in PWV below 850 hPa is also shown in Figure 7. There was a modest PWV decrease before 17:00, with a sharp decline occurring at 17:00–18:00, and then, the trend was observed to be stable until 22:00 CST. Obviously, the variation trend in PWV below 700 hPa agrees well with that below 850 hPa. The PWV in both layers by lidar presented a downward trend from the afternoon to the night, with a larger PWV in the afternoon and a lower value in the evening.



To validate the variation trend during the daytime, the TCWV recorded by the sunphotometer was retrieved and compared with the PWV values of the corresponding time period. Figure 8 shows the time series of the AODs at different wavelengths and the TCWV during 15:00–17:48 CST. The data at other times are not available because of the sunset. It is clearly seen that the AODs gradually decrease with wavelength and that they all show a consistent trend of diurnal variation. The AOD values at 340 nm ranged from approximately 1.2 to 2.0 during the afternoon. The highest values of 2.0 occurred in the early afternoon, after which the AOD dropped to a value of 1.3 at 16:40 CST and then leveled off at 1.2 till 17:48 CST. The AOD values at a wavelength of 340 nm, 400 nm, 500 nm, 870 nm, and 1020 nm are used to determine the AOD value at 940 nm to obtain the TCWV. As shown in Figure 8b, the TCWV values ranged from 20 mm to 35 mm, and the daily averaged content was approximately 25 mm. We can also see that the diurnal variation shows a stepwise trend, with a high value in the early afternoon and a low value in the late afternoon, in agreement with the variation trend in the PWV based on the Raman lidar measurements.



The correlation analysis between TCWV and PWV at the two layers was also discussed, and the results are shown in Figure 9. We can see that TCWV and PWV at the layer below 700 hPa yield a good positive correlation with a correlation coefficient of 0.843, and a correlation coefficient of 0.81 was also obtained between TCWV and lidar PWV at the layer below 850 hPa. Therefore, it is indicated from this case study that the diurnal variation in atmospheric water vapor presents a downward trend across the entire afternoon, and also that the lidar PWV in the bottom layer has a good relationship with the total water vapor content.




4.2. Case Study 2


Another daytime measurement example was taken at 6:00–24:00 on 23 September 2016, under clear weather conditions. The temporal and height variation curve is clearly presented in the THI plot in Figure 10. Influenced by sun background light, a denoised water vapor measurement up to 3–4 km could be obtained from 8:00 to 16:00 in the daytime, and a detection range up to 6 km could be obtained for the rest of the time. Overall, the atmospheric water vapor mixing ratio is higher at the bottom and decreases gradually with the height. The water vapor mixing changed rapidly during the entire 18 h measurement; in particular, the water vapor mixing ratio at heights of 1–2.5 km showed an obviously rapid increase from 14:00 in the afternoon. Here, the time series divided the time into three periods, 6:00–12:00 during the morning, 12:00–18:00 during the afternoon, and 18:00–24:00 in the evening. To reveal the diurnal variation of water vapor during the daytime, the PWV time series below 700 hPa and 850 hPa are also shown in Figure 11. Taking the PWV below 850 hPa as an example, it declined slowly in the morning, reached a minimum value at 12:00, and then slowly increased in the afternoon before leveling off during the night. The consistent variation trend is also visible in the PWV below 700 hPa, despite the slight fluctuations.



We further analyzed the AODs and the TCWV results with the sunphotometer. As shown in Figure 12a, the AOD at individual wavelengths showed the same change tendency, where the AOD was high in the morning and afternoon and low at noon. The AOD value of 1.0 at 340 nm occurred in the early morning, after which the AOD dropped off sharply to less than 0.80 by the mid-morning; it gradually increased through the afternoon, reaching a peak of 1.2 in the late afternoon. Moreover, the time series of TCWV was obtained and also shown in Figure 12. The water vapor content data from 6:00–18:00 collected by the sunphotometer are used to compare those obtained by the Raman lidar during the corresponding time period. A gentle diurnal variation trend can be observed in the atmospheric water vapor content, with the range from 13 mm to 30 mm during the daytime. The water vapor content was largerm with a value of ~30 mm in the early morning, and it decreased gradually in the morning until a valley appeared at noon, reaching a value of 13 mm. The water vapor content began to increase to ~31 mm through the afternoon. Thus, the overall characteristics presented a tendency of high in the morning and afternoon and low at noon. The lower water vapor content at approximately midday is mainly caused by the radiation of the sun. The trend of water vapor enhancement from the beginning of the afternoon is likely related to subsequent rainfall processes. A weak rainfall process occurred with precipitation of 0.4–2.4 mm during 23–24 September. Thus, the accumulation of water vapor indicates the potential preparation for precipitation. By comparison, we can find that the PWV in different layers measured by Raman lidar also has a consistent diurnal variation trend with the total amount of water vapor measured by the sunphotometer.



By comparison, we can find that the PWV in different layers measured by Raman lidar also has a consistent diurnal variation trend with the total amount of water vapor measured by sunphotometer. Furthermore, we analyzed the correlation between TCWV and PWV below 850 hPa and 700 hPa, as shown in Figure 13; a good positive correlation was observed, with a correlation coefficient of >0.75 between the two sets of measurements. Thus, PWV in the different layers can accurately reveal the diurnal variation of atmospheric water vapor during the daytime and can be an indicator of the entire water vapor content.



The above continuous observations also reveal a different diurnal trend in water vapor, i.e., a downward trend from the afternoon to the night or a tendency of a high value in the morning and afternoon and a low value at noon. It is also inferred that the diurnal variation of the water vapor is complicated and has no obvious trend; this complicated response should be closely related to the weather conditions in the preceding and following period. In other words, the variation trend in the water vapor can in turn be an indicator of the weather to a certain extent.





5. Summary


Raman lidar and sunphotometer measurements are combined to investigate the all-day variation characteristics in the water vapor distribution in Xi’an, China (34.233°N, 108.911°E).



The daytime performance of the Raman lidar system for measuring water vapor profiles was first discussed. The wavelet threshold denoising method was used to filter out the strong solar background light in daytime. Via the denoising process and evaluations, it was demonstrated that the best denoising effect could be achieved by following the optimized conditions: wavelet sym6, improved threshold function, and improved threshold selection. The daytime performance for the Raman lidar water vapor measurement SNR was found to be improved by ~3.4 times up to a height of 3 km compared to that of the original signal.



Furthermore, comparisons of PWV in different layers by lidar and the total column water vapor content recorded by the sunphotometer were combined to study the daytime temporal and spatial variations of water vapor. Through two case studies, the PWV values within the layers below 700 hPa and 850 hPa as measured by lidar were found to have a consistent diurnal variation trend with the TCWV measured by the sunphotometer; a good positive correlation with a correlation coefficient of >0.75 between them was obtained, indicating that the atmospheric content in the bottom layer measured by lidar can accurately reveal the diurnal variation of atmospheric water vapor during the daytime, and can be an indicator of the entire water vapor content.



In addition, despite only two examples being considered in this paper, different diurnal trends in the water vapor were revealed: a downward trend from the afternoon to the night or a tendency to have a high value in the morning and afternoon and a low value at noon. It is also inferred that the diurnal variation of the precipitable water vapor is complicated and lacks a definite trend; this complicated behavior should be closely related to the weather conditions in the preceding and following periods, and the variation trend in the water vapor can in turn be an indicator of the weather to a certain extent.
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Figure 1. Schematic of the Raman lidar system for water vapor measurement. (SHG: Second-harmonic generation, THG: Third-harmonic generation, DM: Dichroic mirror, IF: Interference filter). 
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Figure 2. Comparison of denoised SNR and RMSE results by wavelet bases with different lengths: (a) denoised SNR and (b) RMSE. 






Figure 2. Comparison of denoised SNR and RMSE results by wavelet bases with different lengths: (a) denoised SNR and (b) RMSE.



[image: Remotesensing 10 00951 g002]







[image: Remotesensing 10 00951 g003 550] 





Figure 3. Comparison of the denoised range-corrected square signal of the daytime water vapor Raman scattering signal by wavelet bases of different lengths. 
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Figure 4. Comparison of denoised range-corrected square signals of daytime water vapor Raman scattering signal using different threshold selection methods. 
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Figure 5. Comparison of the daytime lidar results before and after denoising. (a) range-corrected signal of water vapor and nitrogen Raman scattering; (b) water vapor mixing ratio profile; and (c) lidar signal to noise ratio (SNR) for the water vapor measurement. 
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Figure 6. THI plot of water vapor mixing ratio during 15:00–22:00 CST on 15 September 2016, by Raman lidar. 
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Figure 7. Variation trend in PWV in different layers by lidar at 15:00–22:00 CST on 15 September 2016. 
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Figure 8. Time series of AODs at different wavelengths and column water vapor contents by sunphotometer during 15:00–18:00 on 15 September 2016. 
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Figure 9. Correlation analysis of the total water vapor amount with PWV below 700 hPa and below 850 hPa. 
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Figure 10. THI plot of water vapor mixing ratio from 6:00–24:00 on 22 September 2016. 
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Figure 11. Variation trend in PWV in different layers by lidar at 6:00–24:00 CST on 22 September 2016. 
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Figure 12. Time series of AODs at different wavelengths and column water vapor contents by sunphotometer at 6:00–18:00 on 22 September 2016. 
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Figure 13. Correlation analysis of the total water vapor amount with PWV below 700 hPa and below 850 hPa. 
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