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Abstract

:

Water vapor transport affects regional precipitation and climate change. The measurement of precipitable water (PW) and water vapor flux (WVF) is of great importance for the study of precipitation and water vapor transport. This study presented a new method of computing PW and estimating WVF using the water vapor vertical column density (VCD) and profile retrieved from multi-axis differential optical absorption spectroscopy (MAX-DOAS), combined with the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 wind profiles. We applied our method to MAX-DOAS observations in the coastal (Qingdao) and inland (Xi’an) cities of China from June 2019 to May 2020 and compared the results to the ERA5 reanalysis datasets. Good agreement with ERA5 datasets was found; the correlation coefficient (r) of the PW and the zonal and meridional WVFs were r ≥ 0.92, r = 0.77, and r ≥ 0.89, respectively. The comparison results showed the feasibility and reliability of estimating PW and WVF using MAX-DOAS. Then, we analyzed the seasonal and diurnal climatology of the PW and WVFs in Qingdao and Xi’an. The results indicated that the seasonal and diurnal variations of the PW in the two cities were similar. The zonal water vapor transport of the two cities mainly involved eastward transport, Qingdao’s meridional water vapor mainly involved southward transport, and that of Xi’an mainly involved northward transport. The WVFs of the two cities were higher in the afternoon than in the morning, which may be related to wind speed. The results also indicated that the WVF transmitting belts appeared at around 2 and 1.4 km above the surface in Qingdao and around 2.8, 2.6, 1.6, and 1.0 km above the surface in Xi’an. Before precipitation, the WVF transmitting belt moved from near the ground to a high level, reaching its maximum at about 2 km, and the PW and meridional vertically integrated WVF increased. Finally, the sources and transports of water vapor during continuous precipitation and torrential rain were analyzed according to a 24 h backward trajectory. The air mass from the southeast accounted for more than 84% during continuous precipitation in Xi’an, while the air mass from the ocean accounted for more than 75% during torrential rain in Qingdao and was accompanied by a high-level ocean jet stream. As an optical remote sensing instrument, MAX-DOAS has the advantages of high spatiotemporal resolution, low cost, and easy maintenance. The application of MAX-DOAS to meteorological remote sensing provides a better method for evaluating the PW and WVF.
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1. Introduction


Water vapor is the most important greenhouse gas in nature and plays a vital role in cloud formation, precipitation, and the atmospheric radiation budget [1]. Changes in atmospheric water vapor, especially tropospheric precipitable water (PW), directly affect the frequency of precipitation and provide resources for the study of climate change [2,3]. Water cycles also play an important role in global warming [4,5,6,7]. Tropospheric water vapor flux (WVF) is an important parameter in water cycles and an important factor affecting energy balance. Continuous observation of this parameter can reflect changes in the regional hydrological climate [8,9,10,11].



The water vapor concentration is greatly affected by transportation, local water vapor evaporation, and condensation [1]. To understand the climatic characteristics of regional precipitation and atmospheric water cycles, the measurement of PW and WVF is extremely important, especially in the lower troposphere. The water vapor concentration is usually higher in the lower atmosphere, and high concentrations are the most important for evaluating the condensation and transportation of water vapor.



The measurement methods of PW and WVF mainly include sounding, lidar, and global positioning system (GPS) detection. The radiosonde traditionally used for atmospheric water vapor analysis has a poor time resolution (12 h). Combining the water vapor profiles by Raman lidar measurements with the vertical wind profiles determined by wind lidar can estimate the atmospheric water vapor flux profiles within the convective boundary layer (CBL) [12,13]. GPS has been developed since 1990, and combined with wind radar, the WVF within the CBL can be measured [1]. Lidar and GPS systems have a high temporal and spatial resolution, but the lidar is expensive and difficult to maintain. The algorithm for the GPS system is also complicated. Therefore, developing a measuring method for PW and WVF with a low cost, simple algorithm, and easy maintenance is of great significance to the study of the water cycle.



Multi-axis differential optical absorption spectroscopy (MAX-DOAS) features a low cost, a simple instrument setup, a mature algorithm, and high spatiotemporal resolution; MAX-DOAS is also a widely used method for measuring the vertical column densities (VCDs) and profiles of trace gases (aerosol, NO2, SO2, HONO, HCHO, and CHOCHO) in the atmosphere [14,15,16,17,18,19,20]. MAX-DOAS is usually used in the study of atmospheric pollution, but there is a gap in meteorological research (PW and WVF). In recent years, measuring the atmospheric water vapor VCD and profile based on MAX-DOAS has been continuously studied [15,21,22,23,24,25,26,27], providing a new method for studying PW and WVF. Because of its simple structure, high temporal and spatial resolution, easy maintenance, and remote control, MAX-DOAS has great advantages over traditional atmospheric water vapor measuring instruments. Therefore, MAX-DOAS can serve as a useful tool for meteorological analysis and model verification. Moreover, MAX-DOAS can simultaneously retrieve multiple gases, such as pollutant gases (NO2 and SO2) and water vapor, which is very important for studying haze pollution.



The purpose of this study is to develop a new method for measuring PW and WVF using the MAX-DOAS instrument. Converting the water vapor VCD retrieved by MAX-DOAS into PW, and then combining the water vapor profile retrieved by PriAM with the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 wind profile, the WVF could be calculated. This method was applied to the meteorological analysis of a typical inland city (Xi’an) and coastal city (Qingdao) in China. Xi’an is located in the southern part of the Guanzhong Plain, with an alluvial plain in the north and the Qinling Mountains in the south. Qingdao is located in the eastern part of Shandong Province, adjacent to the Yellow Sea. Xi’an has a warm temperate semi-humid continental monsoon climate and is affected by local circulation, such as valley circulation [28]. Qingdao has a maritime climate and is affected by the local circulation of sea and land winds [29]. Studying the PW and WVF of the inland and coastal cities in China will provide insight into the water cycle.



A detailed description of the experimental instrument and the new method for calculating PW and WVF are presented in Section 2. In Section 3, we analyze and discuss the seasonal and diurnal climatology of the PW and WVFs in Xi’an and Qingdao. In this section, we also analyze the variability of PW and WVF and water vapor transport before precipitation. A summary and conclusions are presented in Section 4.




2. Instruments and Methods


2.1. Overview of the Measurement Station


MAX-DOAS instruments developed by Anhui Institute of Optics and Fine Mechanics (AIOFM) of the Chinese Academy of Sciences were used for our experimental measurements [16,17,18,19,20,30,31].



MAX-DOAS mainly includes a spectrometer, a 360° controllable platform, a telescope, an optical fiber, a computer, and a monitoring camera (Figure 1). The 360° controllable platform, telescope, and monitoring camera were placed outdoors, and the rest of the equipment was placed indoors. The telescope, with an elevation angle range (EA) of 0°–90° and an azimuth angle range of 0°–360°, was controlled by the computer. Sunlight was collected by the telescope and then transmitted to the spectrometer through an optical fiber. The spectrometer was placed inside a temperature-controlled system set to 25 °C. The spectra were measured from 4:00 to 22:00 (UTC +8). The low-elevation spectrum at night was used to correct for the dark current. Integration of the spectrum acquisition was performed 100 times for every spectrum, and the integrational time was automatically adjusted according to the sunlight intensity. The specific parameters for MAX-DOAS retrieval are shown in Table 1. “FWHM” in Table 1 refers to the full width at half maximum of the mercury lamp spectrum, which is the resolution of the spectrometer. In this study, the DOAS fitting spectral wavelength of water vapor is the visible blue spectrum (434–452 nm).



In DOAS retrieval, other trace gases absorbed in the same spectral wavelength (such as NO2) may affect water vapor retrieval. The fitting error caused by NO2 absorption to water vapor retrieval is usually less than 1% from the MAX-DOAS measurements [21]. In this study, the MAX-DOAS instruments were located in Qingdao, China (120.67° E, 36.35° N, 30 m a.s.l.) and Xi’an, China (108.05° E, 34.53° N, 640 m a.s.l.), respectively. Both of them were located in the suburbs to prevent human-made high NO2 emissions from affecting the water vapor retrieval. The locations of the two MAX-DOAS instruments are shown in Figure 2. These observations were carried out from 1 June 2019to 31 May 2020.




2.2. MAX-DOAS Retrieval


MAX-DOAS is a type of passive DOAS technology, theoretical basis of which is Lambert–Beer’s law [14], which is as follows:


  I  ( λ )  =  I 0   ( λ )  e x p  (  −   ∑   j = 1  n   σ j   ( λ )   c j   )   



(1)




where   I  ( λ )   ,    I 0   ( λ )   ,    σ j   ( λ )   , and    c j    are the measured spectrum after extinction in the atmosphere, the spectrum at the top of the atmosphere without extinction, the absorption cross-section and the column density of the species  j , respectively.



The spectra were fitted with the QDOAS software, developed by the Royal Belgian Institute for Space Aeronomy, Brussels, Belgian (version 3.2, 2017) to retrieve the gas slant column density (SCD) [32]:


  S C D =   ∫     c  ( s )  d s  



(2)




where   d s   represents the integral along the optical path. Usually, one converts the SCD to the vertical column density (VCD):


  V C D =   ∫     c  ( z )  d z  



(3)




which represents the integrated concentration (c(z)) of trace gas through the atmosphere along the vertical path.   d z   is the vertical component of   d s  . The VCD only depends on the distribution of trace gas concentration with height, rather than the observation method and light absorption path.



The air mass factor (AMF) is often used to describe the absorption path of gases in the atmosphere, and it refers to the degree of influence of atmosphere scattering on the sunlight received by the earth’s surface [33,34,35]. AMF is defined as the ratio of the SCD to the VCD. Therefore, the VCD can be calculated by AMF and SCD:


  V C D =   SCD   AMF    



(4)







The 90° spectra in each elevation cycle were used as the Fraunhofer reference spectrum (FRS), allowing the gas tropospheric differential slant column density (dSCD) to be retrieved. Combined with AMF, the SCD is converted into the tropospheric VCD. The tropospheric VCD can be expressed as follows [36]:


  V C D =   Δ S C D   Δ A M F   =   d S C  D  α ≠ 90 °   − d S C  D  α = 90 °     A M  F  α ≠ 90 °   − A M  F  α = 90 °      



(5)







The AMF can be calculated using the atmospheric radiation transmission model (RTM). Here, we used SCIATRAN 2.2 [37] to calculate the AMF at 20° and 90° elevation angles and thereby obtained the ΔAMF (  A M  F  20 °   − A M  F  90 °    ) [16]. Then, the tropospheric VCD was calculated by combining the ΔAMF with the ΔSCD (  d S C  D  20 °   − d S C  D  90 °    ).




2.3. Precipitable Water


PW is defined as [1]


  P W =   ∫  0   z t    c  ( z )  d z  



(6)




where    z t    represents the height of the tropopause, and PW represents the integrated concentration of water vapor (c(z)) along the vertical path, corresponding to the total amount of water vapor contained in the air column.



It can be seen that the PW and tropospheric VCD have the same definition and physical meaning, so their numeric values are equal. The unit of VCD is generally expressed in molecules/m2, which can be converted into the same unit as that of PW—namely, kg/m2. In addition, the unit of PW can also be expressed in mm [1].




2.4. Water Vapor Flux


WVF can be decomposed into the two components of meridional and zonal transportation, and its magnitude depends on the wind field and water vapor concentration profile.



The PriAM algorithm developed by the AIOFM of the Chinese Academy of Sciences and the Max Planck Institute of Chemistry (MPIC), Germany was used for the water vapor concentration profile retrieval in this study [16]. The universality of the PriAM algorithm has been demonstrated in many comparative observation experiments [17,18,19,20]. The PriAM algorithm is mainly used to solve the nonlinear retrieval problem of iterative equations based on the optimal estimation (OE) method. RTM is used as the forward model function  F  to simulate the measurement vector  y  (it represents the dSCD from each elevation angle, with M elements) on the basis of the atmospheric state vector  x  (it represents the gas concentration at each height, that is, the gas profile, with N elements) obtained from the retrieval. By adjusting the input parameters of the model (prior gas profile, etc.), PriAM iterates many times until the optimal result is obtained. The iterative equation is expressed as


   x  i + 1   =  x i  +    [   K i T   S ε  − 1    K i  +  (  1 +  γ i   )   S a  − 1    ]    − 1    {   K i T   S ε  − 1    [  y − F  (   x i   )   ]  −  S a  − 1    [   x i  −  x a   ]   }   



(7)




where    x  i + 1     and    x i    are the current and previous state vectors, respectively.    S ε    is the measurement error covariance matrix (M × M), and    K i    is the weight function matrix (in which each element is the partial derivative of a measurement vector component over a state vector).    γ i    is a correction coefficient to update each iteration to optimize the retrieval. It can be set to 1 at first and then modified according to the iteration situation.    S a    is the prior error covariance matrix (N × N). In this study, the prior water vapor profile used the monthly average of local sounding data, and the prior iteration number was 20.



Because the aerosol state affects the transmission path of light in the atmosphere, which will affect the retrieval of the vertical distribution of trace gases, the retrieval process needs to be performed in two steps. First, it is necessary to retrieve the vertical profile of the aerosol extinction coefficient (AEC) from the O4 dSCD based on the OE method. Then, the water vapor vertical profile and tropospheric (about 10–12 km) water vapor VCD are retrieved from the AEC profile. Because MAX-DOAS is not sensitive to the upper atmosphere, this study only retrieved the water vapor profile at around 0.05–4 km above the surface.



The hourly wind profiles (   u i    and    v i   ) for the study were downloaded from the ERA5 reanalysis datasets (https://cds.climate.copernicus.eu (accessed on 3 August 2020)).    u i    is the zonal wind speed (m/s), and    v i    is the meridional wind speed (m/s). ERA5 is ECMWF’s latest climate reanalysis product and uses advanced modeling and data assimilation systems to combine vast amounts of historical observations into global estimates, thereby providing hourly data on various atmospheric, surface, and ocean parameters, as well as the relevant uncertainties. The horizontal distance resolution of ECMWF ERA5 is 0.25° × 0.25°, and the vertical altitude is divided into 37 layers according to atmospheric pressure from 1000 to 1 hPa (Table 2). The atmospheric pressure was converted to altitude in our study using the barometric altitude formula [38].



The time resolution of the water vapor profile obtained by MAX-DOAS is usually 3 to 5 min. All the water vapor profiles within ±0.5 h of the corresponding times in the wind profiles were coupled with the same wind profile. For example, the water vapor profile from 7:31 to 8:30 used the wind profile at 8:00. The water vapor profile was divided into 21 layers; the lowest was 0.05 km, and the highest was 4 km (Table 2). The wind profile was interpolated to each layer height of the water vapor profile, and the exponential interpolation function was selected according to the curve fitting effect of the wind profile (see Section 2.6). According to the water vapor transport flux calculation formula, the zonal water vapor transport flux (   Q  λ , i , t    ) and meridional water vapor transport flux (   Q  φ , i , t    ) of the i-th layer at time t were as follows:


    Q  λ , i , t   =    (   x i   u i   )   t    ,    Q  φ , i , t   =    (   x i   v i   )   t    



(8)




where    x i    is the water vapor concentration of the i-th layer (kg/m3);  λ  and  φ  represent the zonal and the meridional, respectively. The unit of water vapor transport flux in the i-th layer is kg/m2/s.



In addition, there were random errors in the measurement of the water vapor profiles; we reduced these errors via statistical averaging. The average value of the water vapor profile from t − Δt to t + Δt (Δt represents the time range of the statistics) was used as the water vapor profile at time t. The corrected zonal water vapor transport flux (    Q ¯   λ , i , t    ) and meridional water vapor transport flux (    Q ¯   φ , i , t    ) at time t are calculated as follows:


     Q ¯   λ , i , t   = (  (   1 N    ∑  j   x  i , j   )  u i     ) t    ,     Q ¯   φ , i , t   = (  (   1 N    ∑  j   x  i , j   )  v i     ) t    



(9)




where j represents the j-th time in the time period from t − Δt to t + Δt, and N represents the number of water vapor profiles in this time period. In our study, Δt is 15 min.



The zonal and the meridional water vapor transport flux of each layer at time t were superposed and summed to obtain the vertically integrated zonal water vapor transport flux (    Q ¯   λ , t    ) and vertically integrated meridional water vapor transport flux (    Q ¯   φ , t    ), respectively:


     Q ¯   λ , t   =   ∑  i  ( Δ  h i  ·   Q ¯   λ , i , t   ) =   ∑  i   (  Δ  h i  · (  1 N    ∑  j   x  i , j   )  u i     ) t  ,      Q ¯   φ , t   =   ∑  i   (  Δ  h i  ·   Q ¯   φ , i , t    )  =   ∑  i   (  Δ  h i  · (  1 N    ∑  j   x  i , j   )  v i     ) t    



(10)




where   Δ  h i    is the height resolution of the i-th layer of the water vapor profile.



Due to the limitation of MAX-DOAS’s detection height, the water vapor transport flux analysis here focuses on the vertically integrated transport flux up to 4 km above the ground. Because 75–80% of the water vapor is concentrated below 4 km, this flux captures the dominant transport of water vapor in the lower troposphere. The unit of vertically integrated water vapor transport flux is kg/m/s. Figure 3 presents the principle of the water vapor transport flux estimation method used by MAX-DOAS.



Water vapor transport is the main factor leading to precipitation. Therefore, using MAX-DOAS to calculate the water vapor transport flux at different altitudes is of great significance for the study of precipitation formation.




2.5. Precipitable Water and Water Vapor Flux Error Sources


When a new calculation method of PW and WVF is presented, it is very necessary to consider its error.



2.5.1. Precipitable Water Error Sources


The uncertainty of using the MAX-DOAS instrument to retrieve PW (water vapor VCD) was mainly caused due to SCD fitting errors and AMF errors. Generally, the water vapor SCD fitting error was ≤3% [21,22,23,24], and the error we fitted via QDOAS 3.2 was also ≤3%. The AMF error was caused by the uncertainty of the input parameters (solar zenith angle, relative azimuth angle, surface albedo, water vapor profile, etc.) in the RTM, and typically, average error ranged from 8% to 24% [21,22,23,24]. We estimated the contribution of each input parameter to the overall AMF uncertainty via SCIANTRAN 2.2 and found that the average error of AMF was less than 15%. Therefore, the total error of PW was less than 15%.




2.5.2. Water Vapor Flux Error Sources


The uncertainty of the WVF was mainly caused by DOAS fitting errors, water vapor profile retrieval errors, and wind field and height uncertainty. We analyzed these errors based on different sources.



a. The DOAS fitting error was ≤3% (see Section 2.5.1).



b. Because the water vapor profile was retrieved by PriAM, its errors could be attributed to a smoothing error (   S s   ), input parameter error (   S m   ), or residual error (   S r   ) [16]. The total retrieval error of the water vapor profile is taken as the root mean square of these three errors. The calculation equations for these three errors are:


     S s  =    (   K T   S ε  − 1   K +  S a  − 1    )    − 1    S a     (   K T   S ε  − 1   K +  S a  − 1    )    − 1    



(11)






   S m  =    (   K T   S ε  − 1   K +  S a  − 1    )    − 1    K T   S ε  − 1   K    (   K T   S ε  − 1   K +  S a  − 1    )    − 1    



(12)






   S r  =    (   K T   S c  − 1   K +  S a  − 1    )    − 1    K T   S c  − 1   K    (   K T   S c  − 1   K +  S a  − 1    )    − 1    



(13)




where    S c    is the covariance matrix of the difference between the simulated value and the measured value. The total error of the water vapor mixing ratio retrieved from PriAM was found to be less than 20% in this study.



c. The uncertainty of the wind field includes the uncertainty of the wind speed and wind direction. Because the ECMWF ERA5 wind profile was used to couple the water vapor concentration profile, the main source of wind field uncertainty was from the ERA5 wind profile. A previous study showed that the statistical deviation between the ERA5 wind profile and the near-surface measurement data was as follows: the near-surface wind speed uncertainty was ±1 m/s, and the wind direction uncertainty was ± (20° to 60°) [39]. We also compared the ERA5 wind profile with the near-surface measurement data, and the results showed that the deviation of wind speed was ±1.1 m/s, while the wind direction was ±(0° to 63°).



d. The uncertainty of height is mainly because the water vapor concentration was considered to be uniform within 200 m in the flux calculation formula. We assumed that the water vapor concentration would decrease exponentially (ignoring cyclogenesis and deep convection). The difference between the constant water vapor concentration and the exponentially changing water vapor concentration within 200 m was the uncertainty introduced by the height change. In this study, the error evaluation result was about 6%.



The total error of WVF is represented by the root mean square of the above four typical errors. Generally, the average method reduced the random error caused by the DOAS fitting, and the main error sources for the WVF estimation by MAX-DOAS were profile retrieval errors and wind field and height uncertainty.



The total error of WVF is expressed as


  Δ Q =   Δ  Q  F i t t i n g  2  + Δ  Q  p r o f i l e  2  + Δ  Q   → W   2  + Δ  Q  h e i g h t  2     



(14)




where   Δ  Q  F i t t i n g    ,   Δ  Q  p r o f i l e    ,   Δ  Q   → W     , and   Δ  Q  h e i g h t     represent the DOAS fitting error, water vapor profile retrieval error, wind field error, and height error, respectively. The total errors totaled less than 36% in the most exceptional situation.





2.6. Selection of the Wind Profile Interpolation Function


In this study, MAX-DOAS observations in Qingdao and Xi’an were carried out from 1 June 2019 to 31 May 2020; then, the water vapor zonal and meridional transport flux were calculated. The number of effective days at Qingdao was 282 days, and that at Xi’an was 276 days, excluding rainy weather. The measurement dates were divided into four seasons: March, April, and May were spring; June, July, and August were summer; September, October, and November were autumn; and December, January, and February were winter.



To interpolate the wind profile to the height of the water vapor concentration, we downloaded the wind profile data of the two cities in the observation period (one year) from the ECMWF ERA5 reanalysis datasets. Because MAX-DOAS only measures during the daytime, the wind profiles for 8:00, 9:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00, 16:00, and 17:00 (UTC+8) were selected. Firstly, we averaged the wind profiles for the 4 seasons. Then, we fitted the curve with exponential types (Figure 4). According to the  u  and  v  wind fitting effects of Qingdao and Xi’an (R2 ≥ 0.9), it was advisable to use an exponential function for the interpolation computation.





3. Results and Discussion


3.1. Comparison of MAX-DOAS and ERA5 Reanalysis Datasets


To verify the accuracy of the PW and WVF from the MAX-DOAS measurements, the measurement data (PW and the zonal and meridional water vapor transport flux) for Qingdao and Xi’an from September to October 2019 were compared with the ECMWF ERA5 reanalysis datasets.



3.1.1. Precipitable Water Comparison


The comparison results of the PW in the two cities are shown in Figure 5. The shaded area in the figure indicates continuous precipitation weather and that the measurement was invalid. Here, the PW correlation coefficients (r) between the MAX-DOAS measurements and the ERA5 reanalysis datasets of Qingdao and Xi’an are r = 0.94 and r = 0.92, respectively. In previous studies, PW (water vapor VCD) was also compared with a variety of other datasets. For example, the water vapor VCD from MAX-DOAS measurements in Mainz, Germany was compared with the Aerosol Robotic Network (AERONET), satellite observations, and the surface; good agreements were found between all measurements [21]. The water vapor VCD according to MAX-DOAS measurements in Beijing, China was likewise compared with AERONET (r = 0.92) [27]. The high correlation ensured the accuracy of PW using MAX-DOAS measurements.




3.1.2. Water Vapor Flux Comparison


We compared the WVFs from the MAX-DOAS observations with the ERA5 WVFs (Figure 6). The correlation coefficients of     Q ¯  λ    between the two datasets were both 0.77 in Qingdao and Xi’an (Figure 7a,c). The correlation coefficients of     Q ¯  φ    between the two datasets were 0.96 in Qingdao (Figure 7b) and 0.89 in Xi’an (Figure 7d). The zonal flux comparison results were slightly worse than the meridional results. The water vapor transport flux derived from MAX-DOAS only superimposed the WVF from 0 to 4 km, and ERA5 is tropospheric, which leads to a certain difference between the two datasets. The comparison results show that the new method of calculating the WVFs from the MAX-DOAS observations is credible.





3.2. Precipitable Water Variations in Qingdao and Xi’an


To investigate the similarities and differences of the PW in the two cities, the monthly and seasonal PW values from MAX-DOAS instruments were calculated (Figure 8). The seasonal variation of the PW was similar in Qingdao and Xi’an, with the maxima in summer and minima in winter (see Figure 8c,d). The median PW ranged from 5.54 (February) to 35.07 mm (August) in Qingdao and from 8.48 (January) to 33.25 mm (August) in Xi’an (see Figure 8a,b). The median characterizes the general situation of the PW. As shown in Figure 8, there was no significant seasonal difference in the median PW, although the two cities are geographically disparate.



The diurnal variations of the PW in the two cities (Figure 9) exhibited large variability in all seasons. Three seasons (excluding summer (see Figure 9b) in Qingdao (Figure 9a,c,d) and four seasons in Xi’an (Figure 9e–h) all show that the median PW values were higher in the morning and in the afternoon than at noon. A higher PW indicates an increase in the water vapor VCD. Therefore, this diurnal variation was mainly due to the low temperature and high humidity in the morning and in the afternoon. In addition, the diurnal variation of PW in summer was different from that during other seasons in Qingdao, which was related to the geographical location of Qingdao. In addition, a previous study showed that precipitation increased to extreme levels when the temperature reached 25° in Qingdao city [40]. Therefore, at noon in the summer, as the temperature became higher than 25°, the PW also increased. The median PW during the afternoon in Qingdao was higher than that in the morning, which agrees with a previous study [1]. This also shows the feasibility and advantage of using MAX-DOAS to measure PW.



The diurnal variations in PW showed regional differences between the two cities, but the variation ranges in other seasons were relatively small, except during the summer.




3.3. Water Vapor Flux Variations in Qingdao and Xi’an


WVF is important for the study of water cycles. To further understand the water cycles of the inland (Xi’an) and coastal (Qingdao) cities in China, we analyzed the seasonal and diurnal variations of the water vapor transport fluxes in the two cities. Figure 10 shows the monthly and seasonal variation of the vertically integrated WVFs. The seasonal variations in the WVFs were similar to those of the PW, with the maxima in the summer months and the minima in the winter months.



The median of the zonal WVFs in Qingdao was the largest in August (135.65 kg/m/s) and the smallest in September (16.42 kg/m/s). The median of the zonal WVFs in Xi’an was the largest in June (54.60 kg/m/s), and the smallest was also in September (18.10 kg/m/s). The zonal water vapor transport fluxes of the two cities were negative (transport from east to west), except for a few days in June, July, August, and September that featured high temperatures. This indicates that for both the inland city (Xi’an) and coastal city (Qingdao), water vapor was mainly transported from west to east. While the two cities are located in mid-latitude regions, where westerly wind dominates at high levels, the above results are also related to seasonal variations in the water vapor concentration and not solely on variations in the zonal wind [1].



The median of the meridional WVFs in Qingdao was the largest in June at −31.10 kg/m/s and the smallest in May at −0.32 kg/m/s, while the median in Xi’an was the largest in July at 36.46 kg/m/s and the smallest in February at 2.23 kg/m/s. Negative indicates transport from north to south, while positive indicates transport from south to north. The meridional WVF medians in Qingdao were positive in May and July but were negative for the other months. Therefore, the meridional water vapor mainly featured southward transport in Qingdao. The medians of the meridional WVFs in Xi’an were negative in March, April, August, and December but were positive for the other months. Therefore, the meridional water vapor mainly indicated northward transport in Xi’an. Due to the large difference in the longitude (12.62°) and geographic situation between the two cities, there was a greater difference between the two cities in the meridional water vapor transport flux than in the zonal flux. Because Qingdao is located along the coast, and the wind speed in coastal cities is higher than that in inland cities, the water vapor transport flux of Qingdao is generally greater than that of Xi’an.



Figure 11 shows the diurnal variations of the vertically integrated WVFs in Qingdao and Xi’an in different seasons. The water vapor transport fluxes of the two cities in the afternoon were larger than those in the morning. This may be related to the wind speed, so we plotted the diurnal variations curve of the wind speed during the observation period (Figure 12). Figure 12 shows that the wind speed in the two cities tended to increase in the afternoon, which caused the WVFs to increase in the afternoon. In addition, as shown in Figure 12, the wind speed in Qingdao was significantly higher than that of Xi’an.



Overall, the range of diurnal variation in Xi’an for each season was smaller than that of Qingdao. Because the seasonal and diurnal variations of PW (water vapor VCD) in the two cities are not significantly different (Figure 8 and Figure 9), the water vapor transport flux differences between the two cities were mainly caused by differences in wind direction and wind speed.




3.4. Water Vapor Flux Profile in Qingdao and Xi’an


The zonal and meridional WVF profiles based on MAX-DOAS observations were averaged for each season (Figure 13).



In Qingdao, the zonal and meridional WVFs were the largest in summer; the zonal WVF reached its maximum of 4.02 × 10−2 kg/m2/s at 2.4 km, and the meridional WVF reached its maximum of 4.92 × 10−2 kg/m2/s at 1.8 km (Figure 13b). However, the high levels of water vapor transport in summer and autumn were more striking. The WVF transmitting belts in summer and autumn were distributed around 2 and 1.4 km, respectively, and featured similar shapes in the zonal and meridional directions (Figure 13b,c). In this study, the WVF transmitting belt was defined as a high-value area above the surface—that is, the flux in this area is higher than the flux at the upper and lower adjacent heights.



In Xi’an, the water vapor transport fluxes were the largest in spring; the maximum zonal WVF was 2.13 × 10−2 kg/m2/s at 2.6 km, and the maximum meridional WVF was −2.23 × 10−2 kg/m2/s at 2.8 km. The WVF transmitting belt was more obvious in spring and autumn, and the zonal WVF featured a transmitting belt at around 2.6 and 1.0 km, while the meridional WVF featured a transmitting belt at around 2.8 and 1.6 km (Figure 13e,g).



In addition, due to the effects of atmospheric circulation and turbulence, the wind direction near the ground at high altitudes may be opposite, resulting in different transport directions. For example, the direction of the meridional water vapor transport flux reversed at 2 km in Qingdao during spring (Figure 13a), and the direction of the zonal water vapor transport flux reversed at 1.8 km during autumn in Xi’an (Figure 13g). In Xi’an, the WVFs at high altitudes (about 2–3 km) were larger than those near the ground, except for the summer, which can be attributed to a combination of the water vapor concentration and the wind profile.




3.5. Water Vapor Transport before Precipitation


The occurrence of precipitation is closely related to the transport of water vapor [41,42]. The flux profile of the day before precipitation was plotted according to local weather data. Four days of measurement data from the two cities were selected as the cases to study (Figure 14). Figure 14a–h indicates that the WVF transmitting belt before precipitation moved from a low level of about 0.5 km to a high level of about 2 km in Qingdao. In Xi’an, the WVF transmitting belt before precipitation also featured a small upward trend and finally moved to around 1 and 1.8 km (Figure 14i–p). These results indicate that the WVF transmitting belt moved from near ground to a high level before precipitation, and the flux reached its maximum at around 2 km. This also indirectly reflected the bottom-up transport process of water vapor before precipitation, which accumulated at about 2 km. When it reached a certain amount, the water vapor promoted precipitation.



All four water vapor transport fluxes in Xi’an before precipitation show that the zonal flux was negative (westward transport), while the meridional flux was positive (northward transport). This relates to the circulation of the atmosphere and the transport of water vapor, and the humid air in the southeast is likely to cause considerable water vapor to accumulate in the sky above Xi’an, leading to precipitation.



Figure 15 shows that the PW and meridional vertically integrated water vapor transport fluxes of the two cities experienced an increasing trend on the day before the precipitation, which is similar to the results of previous reports [43]. Moreover, the meridional vertically integrated water vapor transport fluxes of the two cities were positive before precipitation, which indicates that the transport of water vapor via southerly wind provides favorable conditions for precipitation in the two cities.



The long-term observation of water vapor using MAX-DOAS, the abnormal changes in WVF, and PW serve as an important reference for precipitation forecasting.



The occurrence of continuous precipitation and torrential rain can cause disasters and have a huge impact on human production and life [44,45]. Their occurrence of these factors is closely related to water vapor transport and accumulation. To further analyze the source and transport of water vapor during the continuous precipitation and torrential rain in Qingdao and Xi’an, we selected the continuous precipitation (precipitation days ≥ 3 days) and torrential rain (daily precipitation: >50 mm) weather in the two cities during the observation period based on meteorological data (http://data.cma.cn/ (access on 10 September 2020)). The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used for cluster analysis of the backward trajectory of the air mass during continuous precipitation and torrential rain. Torrential rain occurred in Qingdao from 10 to 11 August 2019, preceded by a continuous precipitation period from 29 to 31 July 2019. There was no torrential rain in Xi’an during the measurement period, and there were three continuous precipitation periods (16–18 July 2019, 9–18 September 2019, and 3–5 October 2019). According to the transport height of the water vapor in Figure 14, heights of 1 and 2 km were used for the cluster analysis of backward trajectories (Figure 16). The 24 h air mass backward trajectories were divided into four clusters in this study.



Figure 16a indicates that the water vapor mainly came from the southeast air masses during the continuous precipitation period in Xi’an. The air masses from the southeast at heights of 1 and 2 km accounted for 93% and 84%, respectively. Figure 16b shows that during the continuous precipitation period in Qingdao, water vapor mainly came from the western (inland) air masses. During the torrential rain period in Qingdao (Figure 16c), the air masses mainly came from the ocean. The air masses from the ocean at heights of 1 and 2 km accounted for 78% and 75%, respectively. In addition, the wind speed was relatively high and accompanied by a high-altitude vortex and southeast jet movement (Figure 16c), which also led to the occurrence of torrential rain.





4. Conclusions


In our study, the ECMWF ERA5 wind profile was used to calculate the MAX-DOAS WVFs. Then, we compared the WVFs with the ECMWF ERA5 WVFs and found good agreement. However, the good agreements of the WVF comparison results only indicated the correctness of the water vapor profile based on MAX-DOAS measurements and the calculation method for the WVFs. The accuracy of the WVF results could not be proven directly because there is a large deviation between the ECMWF wind profile and the actual wind profile near the ground [39,46], which, furthermore, caused large errors in the WVFs in the study (as discussed in Section 2.5.2). A measured wind profile would greatly improve the WVF analysis results in our study. Using MAX-DOAS and wind radar to perform these measurements and reduce the errors caused in Section 2.5.2 is our next research goal.



PW and WVF are important for studying water cycles. This study applied MAX-DOAS to meteorological research and proposed a new and simple method to estimate PW and WVF. We applied this method to the Qingdao and Xi’an observations from June 2019 to May 2020.



We compared the PW measured by MAX-DOAS with the ERA5 reanalysis data and found good agreement (r = 0.94 in Qingdao and r = 0.92 in Xi’an). Based on a comparison of the WVFs estimated via MAX-DOAS measurements with the ERA5 reanalysis data, the correlation results of the zonal flux were both r = 0.77 in the two cities, and the correlation results of the meridional flux were r = 0.96 (Qingdao) and r = 0.89 (Xi’an). These results guaranteed the accuracy of the calculated PW and WVFs using MAX-DOAS.



We also studied the variations in PW and WVFs in Qingdao and Xi’an. The PW and the WVFs in Qingdao and Xi’an were high in the summer and low in the winter. The seasonal variations of PW in the two cities were similar. The medians of PW were higher in the morning and in the afternoon than at noon, which was mainly attributed to the low temperature and high humidity in the morning and in the afternoon. The zonal water vapor transport in the two cities was similar, and the water vapor mainly indicated eastward transport. The meridional water vapor transport fluxes were different in the two cities: southward transport was more common in Qingdao, while northward transport was more common in Xian. Overall, the water vapor transport fluxes of the coastal city (Qingdao) were greater than those of the inland city (Xi’an). In addition, the transport fluxes in the two cities were higher in the afternoon than in the morning, which was related to the higher wind speed in the afternoon.



We plotted the WVF profiles of the two cities, and the results showed that the WVF transmitting belts moved upward before precipitation and accumulated at about 2 km. In addition, water vapor flux transmitting belts appeared near 2 (the summer) and 1.4 km (the autumn) in Qingdao, and the zonal and the meridional values were similar. The zonal water vapor flux transmitting belts appeared around 2.6 (spring) and 1.0 km (autumn), and the meridional water vapor flux transmitting belts appeared around 2.8 (spring) and 1.6 km (autumn) in Xi’an.



Finally, cluster analyses of the backward trajectories were performed before precipitation. The results suggested that air masses from the southeast accounted for more than 84% of the continuous precipitation in Xi’an, and the air masses from the ocean accounted for more than 75%, during torrential rain in Qingdao.



Our study indicates that the PW and WVF estimated from MAX-DOAS observations have great potential for use in meteorology and precipitation forecasting. In addition, the water vapor determined via MAX-DOAS measurements can not only verify the meteorological models but also be used as inputs for the ECMWF assimilation system, which will be of great significance for weather forecasting and model reanalysis.
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Figure 1. Measurement principle of the multi-axis differential optical absorption spectroscopy (MAX-DOAS) instrument. 
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Figure 2. MAX-DOAS regional site location (the red circles). 
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Figure 3. The principle of the water vapor transport flux estimation method used by MAX-DOAS. 
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Figure 4. Exponential fitting curves of wind speed varying with height: (a) the  u  wind in Qingdao; (b) the  v  wind in Qingdao; (c) the  u  wind in Xi’an; (d) the  v  wind in Xi’an. 
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Figure 5. Comparison of MAX-DOAS measurements and ERA5 reanalysis datasets for precipitable water (PW): (a) time series of the PW in Qingdao; (b) time series of the PW in Xi’an; (c) correlation analysis of the PW in Qingdao; (d) correlation analysis of the PW in Xi’an. 
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Figure 6. Comparison of MAX-DOAS measurements and ERA5 reanalysis datasets for water vapor flux (WVF): (a) the zonal vertically integrated WVFs in Qingdao; (b) the meridional vertically integrated WVFs in Qingdao; (c) the zonal vertically integrated WVFs in Xi’an; (d) the meridional vertically integrated WVFs in Xi’an. 
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Figure 7. Correlation analysis of MAX-DOAS measurements and ERA5 reanalysis datasets for WVFs: (a) the zonal vertically integrated WVF in Qingdao; (b) the meridional vertically integrated WVF in Qingdao; (c) the zonal vertically integrated WVF in Xi’an; (d) the meridional vertically integrated WVF in Xi’an. 
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Figure 8. Monthly box of PW: (a) Qingdao and (b) Xian; seasonal box of PW: (c) Qingdao and (d) Xian. The central black line on each box indicates the median, the central black circle on each box indicates the mean, and the bottom (top) edge of each box indicates the 25th (75th) percentile. The vertical bars represent the range from the 5th to the 95th percentiles of the data. 
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Figure 9. Hourly box plots of PW: (a) spring (Qingdao), (b) summer (Qingdao), (c) autumn (Qingdao), (d) winter (Qingdao), (e) spring (Xi’an), (f) summer (Xi’an), (g) autumn (Xi’an), and (h) winter (Xi’an). 
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Figure 10. Monthly variations of the WVFs in Qingdao and Xi’an: the zonal vertically integrated WVFs in (a) Qingdao and (c) Xi’an; the meridional vertically integrated WVFs in (b) Qingdao and (d) Xi’an; seasonal variations of the WVFs in Qingdao and Xi’an: the zonal vertically integrated WVFs in (e) Qingdao and (g) Xi’an; the meridional vertically integrated WVFs in (f) Qingdao and (h) Xi’an. 






Figure 10. Monthly variations of the WVFs in Qingdao and Xi’an: the zonal vertically integrated WVFs in (a) Qingdao and (c) Xi’an; the meridional vertically integrated WVFs in (b) Qingdao and (d) Xi’an; seasonal variations of the WVFs in Qingdao and Xi’an: the zonal vertically integrated WVFs in (e) Qingdao and (g) Xi’an; the meridional vertically integrated WVFs in (f) Qingdao and (h) Xi’an.



[image: Remotesensing 13 01675 g010]







[image: Remotesensing 13 01675 g011 550] 





Figure 11. Diurnal variations of the WVFs: the Qingdao zonal fluxes in (a) spring, (b) summer, (c) autumn, and (d) winter; the Qingdao meridional fluxes in (e) spring, (f) summer, (g) autumn, and (h) winter; the Xi’an zonal fluxes in (i) spring, (j) summer, (k) autumn, and (l) winter; the Xi’an meridional fluxes in (m) spring, (n) summer, (o) autumn, and (p) winter. 
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Figure 12. Diurnal variations of the wind speed: the (a) u wind and (b) v wind of Qingdao, as well as the (c) u wind and (d) v wind of Xi’an. 
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Figure 13. Vertical profiles of the WVFs in (a) spring (Qingdao), (b) summer (Qingdao), (c) autumn (Qingdao), (d) winter (Qingdao), (e) spring (Xi’an), (f) summer (Xi’an), (g) autumn (Xi’an), and (h) winter (Xi’an). 
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Figure 14. Vertical profiles of the WVFs before precipitation: (a–d) Qingdao zonal WVF profiles; (e–h) Qingdao meridional WVF profiles; (i–l) Xi’an zonal WVF profiles; (m–p) Xi’an meridional WVF profiles. 
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Figure 15. PW and vertically integrated WVFs before precipitation: (a–c) PW and the zonal and meridional vertically integrated water vapor transport fluxes in Qingdao, respectively; (d–f) PW and the zonal and meridional vertically integrated water vapor transport fluxes in Xi’an, respectively. 
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Figure 16. A 24-hour backward trajectory cluster analysis of air masses in Qingdao and Xi’an under con-tinuous precipitation and torrential rain: (a)-1 continuous precipitation in Xi’an at 1000 m, (a)-2 continuous precipita-tion in Xi’an at 2000 m, (b)-1 continuous precipitation in Qingdao at 1000 m, (b)-2 continuous precipitation in Qingdao at 2000 m, (c)-1 torrential rain in Qingdao at 1000 m, (c)-2 torrential rain in Qingdao at 2000 m. 
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Table 1. Parameter settings for MAX-DOAS instruments.
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Spectrometer

	
Location and Time

	
Angle Setting






	
Name

	
Avantes

	
Xi’an

	
108.05° E

	
Azimuth

	
0° (North)




	
Spectral range of Xi’an

	
290–459 nm

	
34.53° N

	

	




	
Spectral range of Qingdao

	
285–453 nm

	
Qingdao

	
120.67° E




	
FWHM of Xi’an

	
0.4 nm

	
36.35° N




	
FWHM of Qingdao

	
0.5 nm

	
Measuring time

	
4:00–22:00 LT

	
Elevation angle selection

[26]

	
1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 20°, 30°, 90°




	
Temperature control

	
25 °C
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Table 2. European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 pressure levels and MAX-DOAS levels.
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ECMWF ERA5 Pressure Levels (hPa)

	
MAX-DOAS Levels (km)






	
1000

	
975

	
950

	
925

	
900

	
875

	
850

	
825

	
0.05

	
0.2

	
0.4

	
0.6

	
0.8




	
800

	
775

	
750

	
700

	
650

	
600

	
550

	
500

	
1

	
1.2

	
1.4

	
1.6

	
1.8




	
450

	
400

	
350

	
300

	
250

	
225

	
200

	
175

	
2

	
2.2

	
2.4

	
2.6

	
2.8




	
150

	
125

	
100

	
70

	
50

	
30

	
20

	
10

	
3

	
3.2

	
3.4

	
3.6

	
3.8




	
7

	
5

	
3

	
2

	
1

	

	

	

	
4
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